Preface 


This manual contains more or less complete solutions for every problem in the 
book. Should you find errors in any of the solutions, please bring them to my attention. 

Over the years, I have tried to enrich my lectures by including historical 
information on the significant developments in thermodynamics, and biographical 
sketches of the people involved. The multivolume Dictionary of Scientific Biography, 
edited by Charles C. Gillispie and published by C. Scribners, New York, has been 
especially useful for obtaining biographical and, to some extent, historical information. 
[For example, the entry on Anders Celsius points out that he chose the zero of his 
temperature scale to be the boiling point of water, and 100 to be the freezing point. 
Also, the intense rivalry between the English and German scientific communities for 
credit for developing thermodynamics is discussed in the biographies of J.R. Mayer, J. P. 
Joule, R. Clausius (who introduced the word entropy) and others.] Other sources of 
biographical information include various encyclopedias, Asimov's Biographical 
Encyclopedia of Science and Technology by I. Asimov, published by Doubleday & Co., 
(N.Y., 1972), and, to a lesser extent, Nobel Prize Winners in Physics 1901-1951, by 
N.H. deV. Heathcote, published by H. Schuman, N.Y. 

Historical information is usually best gotten from reading the original literature. 
Many of the important papers have been reproduced, with some commentary, in a series 
of books entitled “Benchmark Papers on Energy" distributed by Halsted Press, a division 
of John Wiley and Sons, N.Y. Of particular interest are: 


Volume 1, Energy: Historical Development of the Concept, by R. Bruce Lindsay. 
Volume 2, Applications of Energy, 19th Century, by R. Bruce Lindsay. 

Volume 5, The Second Law of Thermodynamics, by J. Kestin and 

Volume 6, Irreversible Processes, also by J. Kestin. 


The first volume was published in 1975, the remainder in 1976. 


vi 


Other useful sources of historical information are "The Early Development of the 
Concepts of Temperature and Heat: The Rise and Decline of the Caloric Theory" by D. 
Roller in Volume 1 of Harvard Case Histories in Experimental Science edited by J.B. 
Conant and published by Harvard University Press in 1957; articles in Physics Today, 
such as *A Sketch for a History of Early Thermodynamics" by E. Mendoza (February, 
1961, p.32), “Carnot’s Contribution to Thermodynamics” by M.J. Klein (August, 1974, 
p. 23); articles in Scientific American; and various books on the history of science. Of 
special interest is the book The Second Law by P.W. Atkins published by Scientific 
American Books, W.H. Freeman and Company (New York, 1984) which contains a very 
extensive discussion of the entropy, the second law of thermodynamics, chaos and 
symmetry. 

I also use several simple classroom demonstrations in my thermodynamics courses. 
For example, we have used a simple constant-volume ideal gas thermometer, and an 
instrumented vapor compression refrigeration cycle (heat pump or air conditioner) that 
can brought into the classroom. To demonstrate the pressure dependence of the melting 
point of ice, I do a simple regelation experiment using a cylinder of ice (produced by 
freezing water in a test tube), and a 0.005 inch diameter wire, both ends of which are 
tied to the same 500 gram weight. (The wire, when placed across the supported cylinder 
of ice, will cut through it in about 5 minutes, though by refreezing or regelation, the ice 
cylinder remains intact.—This experiment also provides an opportunity to discuss the 
movement of glaciers.) Scientific toys, such as "Love Meters" and drinking "Happy 
Birds", available at novelty shops, have been used to illustrate how one can make 
practical use of the temperature dependence of the vapor pressure. I also use some 
professionally prepared teaching aids, such as the three-dimensional phase diagrams for 
carbon dioxide and water, that are available from laboratory equipment distributors. 

Despite these diversions, the courses I teach are quite problem oriented. Му 
objective has been to provide a clear exposition of the principles of thermodynamics, and 
then to reinforce these fundamentals by requiring the student to consider a great 
diversity of the applications. My approach to teaching thermodynamics is, perhaps, 
similar to the view of John Tyndall expressed in the quotation 


“Tt is thus that I should like to teach you all things; showing you the way to 
profitable exertion, but leaving the exertion to you—more anxious to bring out 
your manliness in the presence of difficulty than to make your way smooth by 
toning the difficulties down." 


Which appeared in The Forms of Water, published by D. Appleton (New York, 1872). 
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Finally, I usually conclude a course in thermodynamics with the following quotation 
by Albert Einstein: 


*A theory is more impressive the greater the simplicity of its premises is, the 
more different kinds of things it relates, and the more extended its area of 
applicability. Therefore, the deep impression classical thermodynamics made 
upon me. It is the only physical theory of universal content which, within the 
framework of the applicability of its basic concepts, I am convinced will never 
by overthrown." 


1.1 


1.2 


(а) 
(b) 


(c) 


(d) 
(e) 


(a) 


(b) 


Thermostatic bath imposes its temperature Т оп the system. 

Container imposes constraint of constant volume. Thermal isolation implies 
that heat flow must be zero, while mechanical isolation (and constant volume) 
implies there is no work flow. Consequently there is no mechanism for 
adding or removing energy from the system. Thus, system volume and energy 
are constant. 

Thermally isolated — adiabatic 

Frictionless piston — pressure of system equals ambient pressure (or ambient 
pressure +  wg/A if piston-cylinder in vertical position. Here 
w = weight of piston, А = its area and g is the force of gravity.) 


Thermostatic bath — constant temperature 7. 

Frictionless piston — constant pressure (see part c above). 

Since pressure difference induces a mass flow, pressure equilibrates rapidly. 
Temperature equilibration, which is a result of heat conduction, occurs much 
more slowly. Therefore, if valve between tanks is opened for only a short 
time and then shut, the pressure in the two tanks will be the same, but not the 
temperatures. 

Water 1s inappropriate as a thermometric fluid between 0?C and 10?C, since 
the volume is not a unique function of temperature in this range, 1.е., two 
temperatures will correspond to the same specific volume, 


V(T-1 C)-V(T =7°С); V(T =2°C) ~ И(Т = 6C); etc. 


1.000191, ! 9992 
1.0001 
VH20 
1 
49.9999 
5 10 
0, Т 9, 


(Тіп °С and Vin cc/g] 


Consequently, while T uniquely determines, Г, Г does not uniquely 
determine T. 

Assuming that a mercury thermometer is calibrated at 0°C and 100°C, and 
that the specific volume of mercury varies linearly between these two 
temperatures yields 


Chapter 1 


sien _ anon , P(E = 1000€) - P(T - 0^C) 
‚я 100°С-0°С 


= 0.0735560 + 0.000013421 Т, e 


(z-0°c) 


where T is the actual temperature, and 7, is the temperature read on the 


thermometer scale. At 10?C, р (Т = 10° С) = 0.0736893 cc/g. However, 


ехр 


the scale temperature for this specific volume 1$, from eqn. (*) above 


V... (T) – 00735560 = 
T= p(T) od 0.0736893 20755500 шанцай 
13421x 10 13421 x10 





Thus, Т-Г at 10°C =-0.068°C. Repeating calculation at other 
temperatures yields figure below. 


Ше" 


AT; -01 


20.153491-0 2 
50 100 


10, Ti .100, 


The temperature error plotted here results from the nonlinear dependence of 
the volume of mercury on temperature. In a real thermometer there will also 
be an error associated with the imperfect bore of the capillary tube. 


(c) When we use a fluid-filled thermometer to measure AT we really measure AL , 
where 


Ay М(ӘР/ӘТ)лТ 
А А 


AL 





A small area A and a large mass of fluid M magnifies AL obtained for a given 
AT. Thus, we use a capillary tube (small 4) and bulb (large M) to get an 


accurate thermometer, since (o /or ) is so small. 


2.1 


2.2 


2.3 


2 


(а) By an energy balance, the bicycle stops when final potential energy equals 
initial kinetic energy. Therefore 


2 
3 (202x 10002 xE) 
hr km 3600 sec 





1 2 V; 
—my; = тей, or h; =— = 
2 89 522 


g 2x 9807 —> 
sec 
or h=1.57 m. 
(b) The energy balance now is 
122 


1 
ПАШ = т *mgh ог v =v +2gh, 





2 2 
600 
v4 =(20 =) +2 9807 2 x70 mx{ шимт, зе 
һг sec 1000 m hr 


v, — 134.88 km/hr. Anyone who has bicycled realizes that this number is much 


too high, which demonstrates the importance of air and wind resistance. 


The velocity change due to the 55 m fall is 


m km 22 
sec? 1000 m hr 


у, = 118.24 km/hr. Now this velocity component is in the vertical direction. The 








(Av?) 22x 9807 —7 x 55 m«[ 


initial velocity of 8 km/hr was obviously in the horizontal direction. So the final 
velocity 1s 


k 
у= үу +2 =11851-— 


(a) System: contents of the piston and cylinder 
(closed isobaric = constant pressure) 
М.В: М,-М,-АМ-0-М,-М,-М 


E.B.: MO, - мб, = ay) 40+ f° -| Pav 
M(U, -Û,)= Q- | Pav = Q- P| aV = Q- PY, -И) 
M(U, -Û,)= Q- PM(V, - Y.) 
Q= M(U, -U,)+ M(PV, - PV,) = M[(U, + PV,)-(U,+ P£;)] 
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P = 1013 bar = 0.1 MPa 


^ ^ ^ 


V U H 
T =100 1.6958 2506.7 2676.2 
T 2-150 1.9364 2582.8 2776.4 


Linear interpolation 
Т = 125°С 1.8161 2544.8 2726.3 Initial state 


Final state P — 01 MPa, №, = 3.6322 m'/kg 








Т = 500°С 3.565 3488.1 
Т = 600°С 4.028 3704.7 
Linear interpolation 
36322-3565 _ Ъ-500 Т, -5145C 
4028-3565 600-500 
5145-500 Н,-34881 A, — 35195 


600—500 3704.7 – 348811 
О = 1 ке(35195– 27263) КУ/Кз = 7932 kJ 


W= -Í Рау = -1 bar x (V, —V,) = —1 bar x (3.6322 — 18161) m'/kg 





1 Баг x 100,000 22. 18 ИТ x18161 в/в 
bar m-s -Pa ш-5 -kg 


= -1816 kJ/kg 


(b) System 15 closed and constant volume 
М.В: М,-М-М 


" К 0 0 0 
EB: М0, - МИ, =" +0+у°8 -Р 
0-М(0,-0) 
Here final state is P—-2x1013bar-02 MPa; № =Й =18161 m°/kg 


(since piston-cylinder volume is fixed) 
P -02 MPa; № = 18161 


TCC) р Ü 
500 1.7814 3130.8 
600 2.013 3301.4 


18161-17814 — T-500 00347 01498-015 


2013-17814 600-500 02316 
Т = 515°С 





^ 


— 3130; ^ 
ОВ эдш 0, 231564 kJ/kg 
33014 - 31308 

Q-1kgx(31564—25448) kJ/kg = 6116 kJ 


(c) Steam as an ideal gas—constant pressure 





РУ Ву, BY. 
N = === == 222 but У, =27,; В = Б, 
ВЕДИО RD > =. 
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Бу, RV, 
“УС. 
T, 2273154125 = 39815 К 

T, =2x T, = 7963 K = 52315°C 


>Б=2хд 


























1000 g/k ІК 
О-МАН- 1000-8/Кв аад J/mol К.х (796339815) Kx 9 
18 g/mol 1000 J 
= 7609 kJ 
W =-| PdV =-РАУ = ң мер т. --NR(T, - T) 
1 
1000 
EET x 8.314 x 398.15 = 1839 kJ 
(d) Ideal gas - constant volume 
PV, BV 
iL = here V, =V,; B =2P 
RT, RT, d 
ВИ 2B: 





So again ; Б=21=7963К. 


| 7, 


bani g/kg „ (344-8314) x (7963 — 39815) x 
18 g/mol 1000 


Cy =Cp-R; 0-5770 КІ 








2.4 
My, f MU, ; = W. = M weight BX Im 
М, = M weight =1 kg 
1 
1 =9807 1 


m’kg/s 


1kgx C, (7; - Т) =1 kg x 9.807 m/s x 1 mx 





1кех 4.184 J/g K x m 5 x AT = 9807 
g 


9.807 


- К =2344х10° K 
4.184 х 1000 





2.5 From Illustration 2.3-3 we have that Н(Т, В) = Н(Т,, P.) for a Joule-Thomson 
expansion. On the Mollier diagram for steam, Fig. 2.4-1a, the upstream and 
downstream conditions are connected by a horizontal line. Thus, graphically, 
we find that T ~ 383 K. (Alternatively, one could also use the Steam Tables 
of Appendix III.) 
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2.6 


Бағым ет 
ниє £o 08 





For the ideal gas, enthalpy is a function of temperature only. Thus, 
Н(Т, R)- H(I, Р) becomes  H(Z)- Н(Т), which implies аі 
Т-1,-600С. 


System: Contents of Drum (open system) 
mass balance: M|, - М|, - AM 


energy balance: / \ 
МО - MU|, =АМН,+0+И,-| Pav (oie 
2 1 ae M 


but Q = 0 by problem statement, W, = 0 
and |PdV = РАУ is negligible. (Note У(Т=25С)=1003х10° m°/kg, 
ИТ = 80°С) = 1.029 x 10? m? /kg ). Also from the Steam Tables 


H,, = H(T = 300°C, Р = 30 bar = 300 kPa) = 30693 kJ/kg 


and recognizing that the internal energy of a liquid does not depend on pressure 
gives 


Ü| = О(Т = 25°С, 1.013 bar) = U(sat., T = 25°C) = 10488 kJ/kg 
ч 
апа 


Ü| = О(Т = 80°С, 1.013 bar) = U(sat., T = 80°С) = 33486 kJ/kg 
ч 


Now using mass balance and energy balances with M | = 100 kg yields 
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МІ, х 33486 kJ 100 x 10488 kJ = [M], — 100] 3069.3 kJ 
Thus 
МІ, (3069.3 — 33486) = 100 x (3069.3 – 10488) 
Мі, = 10841 kg, and AM = M|, - МІ, = 841kg of steam added. 


2.7 (а) Consider a change from a given state 1 to a given state 2 in a closed system. 
Since initial and final states are fixed, (1, 0,, И, №, В, Б, etc. are all 


fixed. The energy balance for the closed system 1s 


U, -U,=Q+W,-| PAV - Q«W 


where W = W, -| PdV = total work. Also, Q = 0 since the change of state is 
adiabatic. Thus, U, CU, =W. 


Since U, and U, are fixed (that is, the end states are fixed regardless of the 
path), it follows that W is the same for all adiabatic paths. This is not in 
contradiction with Illustration 2.5-6, which established that the sum Q-- W is 
the same for all paths. If we consider only the subset of paths for which 
О =0, it follows, from that illustration that W must be path independent. 

(b) Consider two different adiabatic paths between the given initial and final 
states, and let W and И” be the work obtained along each of these paths, 
1.е., 

Path 1: U,-U,;=W; Path 2: U,-U,=W" 
Now suppose а cycle is constructed in which path 1 is followed from the 
initial to the final state, and path 2, in reverse, from the final state (state 2) 
back to state 1. The energy balance for this cycle 1s 


U,-U,-W 
(0; -ІЛ)- ЕЙ? 
0 ри W' w" 


Thus if the work along the two paths 18 different, 1.е., W“ zW", we have 
created energy! 


2.8 System = contents of tank at any time 
mass balance: М, – M, = AM 


energy balance: (MU), -(м0), = АМЙ 
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2.9 


2.10 


2.11 


(a) Tank is initially evacuated > M, =0 
Thus М,-АМ, and 0, =H,, = Н(5 bar, 370°C) = 3209.6 kJ/kg (Бу 
interpolation). Then Ü, = U(P =5 bar, T = ?) = 3209.6 kJ/kg. By 
interpolation, using the Steam Tables (Appendix Ш) T = 548° С 


V(P = 5 bar, T = 548°C) = 0756 m?/kg 


Therefore M =V/V =1 п? /(0.756 m*/kg) = 13228 kg. 

(b) Tank is initially filled with steam at 1 bar and 150°C 
=Й -f(P-lba, Т=150°С) = 194 m'/kg ^ and Û,=2583 kJ/kg, 
M, =V/V =1/V = 05155 Кв. Thus, М, = 05155+ AM kg. Energy balance 
18 м,0, — 0.5155 х 2583 = (M – 0.5155) х 3209.6. Solve by guessing value of 
Т,, using Т, and В =Sbar to find Ê, and Û, in the Steam Tables 
(Appendix Ш). See if energy balance and M, =1 m? / f, are satisfied. By 
trial and error: 7; ~ 425°С and М, =1563kg of which 1.323 kg was 
present in tank intially. Thus, AM = M; – M, = 024 kg. 


a) Use kinetic energy = mv’/2 to find velocity. 


2 2 
Lkgx = 1000 3 = 1000 *£ 
2s m^" sec 


7 = 50 у= 44.72 т/ѕес 
ес 








2 


b) Heat supplied = specific heat capacity x temperature change, so 


1000g x I mol 75107 x AT = 1000 J so AT=2.225 К. 
55.85g K 








System = resistor 
Energy balance: dU/dt = W, + О 
where W, = E-I, and since we are interested only in steady state dU/dt =0. 
Thus 
-0 = = 1 amp x 10 volts = 02 x (T — 25°C) J/s 

and 1 watt = 1 volt x1 amp =1 J/s. 

T- 10 watt x1 J/s- watt 

02 J/s-K 


System = gas contained in piston and cylinder (closed) 


0 
Energy balance: U|, -U|, = 0+ и -| PdV 


+25°С = 75.0°С 





(а) V constant, | PAV =0, Q-U|, -U|, = N(U|, -U|,) = МСү(Т,-1) 


From ideal gas law 


ET NOT АО 539 mol (seexnote following) 


N- > 
RT 8314 Pa-m°/mol-K x298 K 
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Thus 


2298 К+ 10,500 J 
NC, 5.539 mol x 30.1 J/mol-K 


= 298 + 63.0 = 3610 К 


ъ= 1+ 





Since N and У are fixed, we have, from the ideal gas law, that 





Do rd В- Б P= 3610 114367 kPa =1385х10 Ра 
B T, Т 298.0 


(b) P= constant = 114367 x 10? Ра; 
Cp = Су + = 3014-8314 = 38414 J/mol-K 


Energy balance Ul, - и, = Q- PAY, since Р = constant 
= NOT, - 1) = Q- PV, -V) = Q- МЕТ - КТ) 
= 0= NOn - 1) 








10,500 
L-T4.À--2984. 10200 —— 34735 к 
NC, 5539 x 38414 
and 
AV = NRAT 2 5539 mol x 8314 Ра-ш /шо!-К x 4935 K —001987 m? 


P 114,367 Pa 
V 201200199 = 01399 m? 


Note: The initial pressure P = Р, + P 


atm wt of piston 
Pm = 1.013 bar = 1013 x 10? kPa 

200kg | 1 №82 
0.15 м2 kg-m 


= 13.067 КРа 
Thus, intial pressure = 114.367 КРа. 


Б, 


wt piston — 


x98 m/s? = 13,067 N/m? =13,067 Ра 





2.12 System = contents of storage tank (open system) 
Mass balance: М, – М, = AM 
Energy balance: (MÜ ў = (MÜ ) -(АМ ЭН, since Q=W=0 and steam 
entering is of constant properties. 


Initially system contains 0.02 m? of liquid water and (40—0.02) 2 39.98 m? of 


steam. 

Since vapor and liquid are in equilibrium at 50°C, from Steam Tables, 
P -12349 Ра. Also бот Steam Tables И" = 0001012 m°/kg, 
ГУ = 12.03 ш/Кв, НУ = 25921 kJ/kg, НЕ = 20933 kJ/kg, 


U = 20932 kJ/kg, and UY = 24435 kJ/kg. 
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МЇ = онго TTE т то 19.76 kg; 
А m 
n M, = MF + МУ = 2308 kg. 
v 3998 m3 


1 = 332 kg; 


212.03 ш/к 
U, —1976x 209.32 + 332 x 24435 = 12,248.6 kJ 


Also 
Ê, = 0.90 x 2676.1 +0.10 x 419.04 = 2450.4 kJ/kg 


Possibilities for final state: 1) vapor-liquid mixture, 2) all vapor, and 3) all liquid. 
First possibility is most likely, so we will assume V-L mixture. Since 
P =1.013 bar , T must be 100°C. Thus we can find properties of saturated vapor 


and saturated liquid in the Steam Tables: Г" = 0.001044 m? /kg ; 
РУ = 1.6729 m'/kg, 0" 241894 kJ/kg, HY =26761 kJ/kg, апа 
UY = 25065 kJ / kg. 


V, = x(1.6729) + (1— x)0.001044 = 0.001044 +1.6719х m?/kg , where 
x = quality 

0, = x(25065) + (1- x)41894 = 41894 + 208756x kJ/kg 
Substituting into energy balance 


М, (418.94 + 2087.56x) —12,248.6 = (М, – 23.08) -2450.4 
where 


y 40 m? 


М, === 
V, 0.001044 +1.6719x 





Solving by trial and error yields x=05154 (quality), М, -4636 kg, and 
AM = 23.28 kg . Also the final state is a vapor-liquid mixture, as assumed. 


System = tank and its contents (open system) 
(a) Steady state mass balance 
dM И M, M, 
——-0-2M,*M. 
dt 0 1 + 2 + М. 3 Т, Ty Dm Т, 


=> М, = (M, + M;) = -10 kg/min 


M, Т, 


Steady state energy balance 
T zc MUT «MH 3M, 
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A, = Н exit stream = Нас temperature of tank contents 
Also Г, = T = temperature of tank contents 
Now Н- Ê, - C,(T — Т), assuming Ср is not a function of temperature 
0 = SH, + C (T; — 1)} + 5{ Hy +O- 1} - 10] Hs + G(T 15) 


т=5156 т.т) -65С 
10 2 


(b) mass balance: =0= М, + М, + М, (no useful information here) 
t 


energy balance: T = МА, + М,Н, + MH; 
Е dÜ dT | NR 

fus e —(MU) = MEE s MC, — ~ MO, ЯР нш Сә = Су for 

dt dt dt dt dt 


liquids. Thus MC, “ =5G@7, %5С6,1,-106,1; and М = 50 kg. 





1075 +27, = (80+50) = 130 > Д = Де + С (t = minutes) 
At Э о, Ћ = С = 65°С 

At t=0, = А+С= 25°С А = -40°C 

So finally 7; = 65°С — 40° Cer (t = minutes) 





ЕВ: M'Ü*- M'Ü! = АМИ, 
(МО + MVUY) -(MiU, + ми) = [ме + мола, „+098, „| 


Also known is that V = 60 m? = MERE + MEVE . =2 equations and 2 unknowns 


V-M _ agp 
И. 
V- МЕЕ „ А Xu Құл 
шан UL + ot) -(Mi U} + МИЛ) 
L 


— MERE ж ^ 
- КА + м fou, in + 09 Hy. in| 
L 


2.14 Thermodynamic properties of steam from the Steam Tables 
Initial conditions: 
Specific volume of liquid and of vapor: 
3 3 
Vi =1061x103——; Vi =08857— 
kg kg 
Specific internal energy of liquid and of vapor 


22 к A k 
Üi = 31395. Ui, = 24759 № 
kg kg 
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М.В: M! - M! - AM; 





Nu wb: Мы оо 
и. 
мі, „0 -200 liters _ 14476 kg and зо. М-209.408 kg 
^ 
E.B. 


M'Ü' — МО! = АМН, 
(мог + м0) -(м10 + мил) =[м{ MY 045, „+098, | 
Total internal energy of steam + water in the tank 


194.932x313.0 + 14.476x2475.9 = 9.686x10' kJ 
Properties of steam entering, 90% quality 


Specific volume = Ё, = 0.1х1.061х10°+ 0.9x0.8857 = 0.797 m3/kg 
Specific enthalpy = Ê, =0.1x504.70 + 0.9 x 2706.7 = 2.486 x10? kJ/kg 


Also have that V = 60 m? = MEVE + MEVE . 
This gives two equations, and two unknowns, Mi and Mi. 


The solution (using MATHCAD) is М! = 215.306 kg and Mi, = 67.485 kg. 
Therefore, the fraction of the tank contents that is liquid by weight is 0.761. 


2.15 System = contents of both chambers (closed, adiabatic system of constant volume. 


Also W, = 0). 
Energy balance: U(t,) -U(tj) 20 or U(t,) = U(t) 
(a) For the ideal gas и is a function of temperature only. Thus, 





U(t,) = U(t,) > T(t,) = T(t,) = 500 К. From ideal gas law 


ВИ = МЕТ but М = N,since system is closed 
ВУ, = N,RT, Т = Т, see above 


and V, -2И see problem statement. 





В == = 5 Баг = 05 MPa = Т, = 500 K, P, = 05 MPa 
(b) For steam the analysis above leads to U(t,)=U(t,) or, since the system is 


closed U(t,) =U(t,), V(t,) =2V(t,). From the Steam Tables, Appendix III, 





Ü(t) = Ü(T 2500 K, Р=1МРа) = Ü(T = 22685*C, P =1 MPa) 
= 26694 kJ/kg 
V(t) = Ў(Т = 22685° С, P=1 MPa) = 02204 n?/kg 


Therefore U(t,) = U(t,) = 26694 kg/kg and 


V(t,) = 2V(t,) = 04408 m? / kg. Ву, essentially, trial and error, find that 
Т-21639С, Р- 05 MPa. 
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(c) 


(d) 


Here U(t,)=U(t,), as before, except that U(t) = О (t) - U" (t), where 
superscript denotes chamber. 
Also, M(t) = M'(tj) + M'(t) {mass balance} and 

V(t,) =2V,/ M(t) = 2V, M () + м"() 


For the ideal gas, using mass balance, we have 








BV) РУ РУ op p p 
22%) BW» АУ _, 2-1 2 


0) 
Т, nom n ПП 


Energy balance: N,U, = NJU} + МИП 

Substitute U =U, + МСАТ - D), and cancel terms, use № = PV/RT and get 
28, = В+ А! (2) 

Using Eqns. (1) and (2) get P =75х10 Ра= 075 МРа апа 

T, = 5294 К (25625°С). 


For steam, solution is similar to (b). Use Steam Table to get м! апа М Ч in 





terms of V. 
Chamber 1: U! = 26694 kJ/kg; Й! 202204 n?/kg ; 
M! = VV] = 453TV, 


Chamber 2: ÛT = Ü(T = 600 K, P — 05 MPa) = 28459 kJ/kg ; 
V! = 05483 ш/қ; М" -1824V, = V/V] 
реа ее 2А = 03144 m?/kg ; 





M'+ М! 453TV, +1824/, 
0, = (м'0 + м"Ог) (мі + М!) = 27200 kJ/kg 
By trial and error: Т, ~ 302°C (575 К) апа P ~ 0.76 MPa. 


2.16 System: contents of the turbine (open, steady state) 


(a) 


(b) 


adiabatic 
mass balance: ын -0-М,4М,-»М,--М, 

MGE mtis ns | ; 0 
energy balance: T =0= MÂ + М, В, ZO e W-P Z 
= W, = -M,(H, - H,) = - M,(34509 – 2865.6) kJ/kg 
=-М (5853 х 10°) J/kg 





But W, --75х10% watt =—75х10° J/s 
_ -750x10* J/s 
' -5853x 10° J/kg 

Energy balance is 

dU pie! MER Bike ЕА. 

— 20-2 МН + MH, QMXW.- P 

dt 1221 27732 Q 5 dt 


= 1.281 kg/s- 4.613х10° kg/h 
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where О = M,(-60 kJ/kg) 
Н, = Й(150°С, 0.3 MPa) = 27610 kJ/kg 
Thus 
-W, 21281 kg/s(34509 —27610 —60) kJ/kg = 807 kJ/s 
= 807 x 10° watt = 807 kw 


2.17 System: 1 kg of water (closed system). 
Work of vaporization — | Рау = Р| dV = PAV since Р is constant at 1.013 bar. 
Also, from Steam Tables 
Г" 20001044 m3/kg; VY =16729 m3/kg ; AV =16719 m?/kg 
Energy balance for closed system (1 kg): 
U, -U, = Q- | PdV = Q-1013x10? Pax 16719 m?/kg 





= Q-16945x10? J/kg 
0, = 25065 kJ/kg = 2.5065х10° J/kg 
Ü, = 41894 kJ/kg = 41894 x 10° J/kg 


Thus 
Q =U, -Ü, +W = 25065 x 10° — 4.1894 x 10° + 16945 x 10° 


= 2.2570x 10° J/kg 
W = -f Рау -1.6945х10 J/kg. 


So heat needed to vaporize liquid = 2.2570 x 10° J/kg of which 0:16945х 107 is 


recovered as work against the atmosphere. The remainder, 2.088 x 10° kJ/kg, 


goes to increase internal energy. 


2.18 System = Contents of desuperheater (open, steady state) 


Superheated steam 
T=500°C Desuper- Saturated steam 
P=3 MPa heater : 





2.25 МРа 
Water 


25°С 
М, =500 kg/hr; А = 34565 kJ/kg 
М, =?; Hy = сага liq., Т = 25°С) = 10489 kJ/kg 
Mass B: 0- М + M, + М; 


ЖЕ А д NES : 1 du 0 
Energy В: 0= MÂ, + М,Й, + М.В, + 279249 -P л 
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2.19 


2.20 


М, = —(500+ М.) kg/hr; А, = H(sat' d steam, P = 2.25 MPa) = 28017 kJ/kg 


Thus, 
0 = 500 x 3456.5 + М, = 104.89 – (500+ М,) x 2801.7 


— М, =1214 kg/hr 


The process here 15 identical to that of Illustration 2.5-3, so that we can use the 
equation 


T, == Р, 
° BIT +С, [С (B – В)/Т,] 





developed in the illustration. Неге, Б = 2.0 MPa, Т, = 120°С = 39315 К, 
Съ = 293 J/molK, C, = C, - R = 20.99 J/molK . 





Cylinder 1: 8-0, Т = 5 T, = 5488 К = 275.65°С 
У 
Cylinder 2: А = 01 MPa, 1 = 20°С = 293.15 К 


2.0 


Ћ = = 525.87 К = 252.7°С 
0.1/293.15 + 20.99/29.3[(2.0 — 0.1)/393.15] 





Cylinder 3: A =1 MPa, 1 =20°С = 29315 К; > Г = 382.16 К =109.01°C 


System: Gas contained in the cylinder (closed system) 
4000kg 98 m/s? 


x 


2.5m? 1 kgm/Ns? 





M. 
a = 0. &4—— = 14 х10 + 
(а) Р= 01013 MP ы 1.0133 x 10° 


-11701х 107 Ра = 0117 MPa 


moles of Р А 

с. РУ 11701x 10 Рах25 m 

N = gas initially = —— = — — — —7— ————— 

i: RT 8314 Pa-m?/mol К x29315 К 
їп system 

= 1200 x 10° mol = 1200 kmol 


(b) Energy balance: U, -U = Q- | Pav = Q- PAV since P is constant. 
AV 23mx2.5 m? = 75m? ; PAV = 11701х 10° Pax 7.5 m? 287758 x 10? J 


Final temperature: 
r, Р „11701x 107 Pax (25+7.5)m° 
NR 12х10? mol x8314 Pam?/mol K 
U, -U, = NU, -U,) = МС/(1,-Т) 
-12x10? mol x (30-8314) J/mol К x (3812 — 29315)K 
=2291х10° J 


= 381.2 К = 108.05°С 





(с) 
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Q= AU+ PAV 22291x106 87758х10 
AT of | work 
gas work=27.7% of energy absorbed 


АТ=72.3% 


= 3169 x 10° J = 3169 МЈ 


(d) System: Gas contained within Piston + Cylinder (open system). 
[Note: Students tend to assume dT/dt = 0. This is true, but not obvious!] 


mass balance: 213 = № 
аі 


а : : 
energy balance: (м0) = ЎН, + BS -PZ 


Неге (1) P is constant, (2) Ideal Gas Law V = МАТ/Р, (3) T and P of Gas 
Leaving Cylinder = T and P of gas in the system. Thus, 
dU aN _ paN pa) 





FU 





dt ^ dt ~ dt ақ P 
dN dT d 
НО = NO, +В (М 
HS) dt Уа а 2) 
ам ат ат ау 





ЕТ = NG, + NR—+ RT = NC, +в) =0 
dt dt dt dt dt 


aT 
=>— =0Q.E.D. 
dt 9 


Thus 7% = 7, = 3812 К 


3 


Now going back to 





au pus =й per aie cq se 
dt dt dt dt dt dt 
>(Н- Ш кт = po ЧУ Рау (**) 


d gk ОИ 


Since P and Т are constants 


М, Ve. 25m 


= 0.7692 
N, Б 25+75ш? 





Thus М; = 0.7692 x 1200 mol = 923 mol ; 
АМ --277 mol = —0.277 kmol 


2.21 (a) System: Gas contained within piston-cylinder (closed system) [neglecting the 
potential energy change of gas] 
energy balance: 





BONO ЙЕ ов dV Neos oc dh 
dt dt dt dt dt 





Байел ше ш ыш 


— = ----. 
NR dt dt NR dt 
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Thus 





Q- AGP dh dh 26 | ) dh _ PAC, dh 


+ АР 
R dt dt dt R dt 
= 30 шок. | 001x105 Pa x25 02 m/s 
8314 J/mol K 


-2111х107 J/s 


(b) System: Gas contained within piston and cylinder (open system). Start from 
result of Part (d), Problem 2.20 (see eqn. (**) in that illustration) 


ЧМ Р dV PA dh 


= = with P and T constant 
dt RT dt RT dt 





(See solution to Problem 2.20) 


dN _ 11701x10° Рах2.5 т? 
dt 8314 J/mol K x3812 K 
= —0.01846 kmol/s 





x (-0.2 ш/8)--1846 mol/s 


[check: -1846 mol/sec x15 sec = —276.9 mol compare with part d of 
Problem 2.20] 


2.22 System: gas contained in the cylinder (open system) 
Important observation . . . gas leaving the system (That is, entering the exit valve 
of the cylinder) has same properties as gas in the cylinder. 


mass balance T =Ñ Note that these are 
t 


Eqns. (d) and (e) of 
d(NU) y 
energy balance =U = NH] Illustration 2.5-5 


Proceeding as in that illustration we get Eqn. (f) 


TOY V/A (Pa T(t 320 


where we have used a slightly different notation. Now using the mass balance we 
get 





ам d (28. V «(P/T) _ xy 
а dt\RT) R dt 


or 





d(P/T) NR -(45/28) mol/sx8314 Pa-m°/mol К 7 


5 8908 Ра/К-в 
dt V 0.15 п? 


апа 
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P 


T 


P 


—8908x10^t  bar/K for P in bar and t in secs. (2) 
1=0 








t 


Using 1 25 minutes = 300 secs in Eqn. (2) and simultaneously solving Eqns. (1) 
and (2) yields 


Т(5 min) 2152.57 К, Р(5 min) = 0.6907 bar 


Computation of rates of change from mass balance 














4(2)-4(2- ніп), АЖ o, ЫР dinT _ МЕТ 8) 
ат) Түй dt 2 dt dt Ру 
From energy balance (using 2 eqns. above and eqn. (f) in Illustration (2.5-5)) 

Cy dlnT _ ащ(Р/Т) or 2.487 | dInP (4) 


R а dt R dt dt 
Now using Eqn. (4) in Eqn. (3). Thus, 


Cy din? (Суат _ NRT V 
R dt кта PV 




















dT МЕТ)? 
dT _ МКТ) --1151 K/sec 
dt 1=5 min PVC, 1-5 min 
and 
Es 22521 SED 
dt |5 min RT dt |s min 


2.23 Consider a fixed mass of gas as the (closed) system for this problem. The energy 
balance is: 


М0) y dU yo ЧТ Һау 
dt dt dt dt 








From the ideal gas law we have P = NRT/V . Thus 





dT _ -NRT dV _ Cy dinT -4ш/ 








СУМ = 
dt V dt R dt dt 
ог 
Cy/R 
Е ің = 2 zi (*) 
R Т A AR V, 


or 
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2.24 


2.25 


Vr ov^ - ps = ИТСУ/Е = constant 


Substituting the ideal gas law gives РУС»/Су = PV" = constant. Note that the 
heat capacity must be independent of temperature to do the integration in Eqn. (*) 
as indicated. 


System: Contents of the tank (at any time) 
(a) Final temperature (T = 330 К) and pressure (P =1013х10 Ра) аге known. 


Thus, there is no need to use balance equations. 


PY 1 P 3m 
Б ЛЕН ШОО ООО н mol 
КТ 8314 J/mol K-330K 


(b) Assume, as usual, that enthalpy of gas leaving the cylinder is the same as gas 
in the cylinder... See Illustration 2.5-5. From Eqn. (f) of that illustration we 





have 
сь/в R/Cp 5 8314/29 
лис ще = 05187 
pm Т UR 10x10 
Thus T, 205187 330K 2 17119 K , P. = 1013 Баг, and 


М; = 2136 mol = 0.02136 kmol . 


Except Юг the fact that the two cylinders have different volumes, this problem is 
just like Illustration 2.5-5. Following that illustration we obtain 





Эрс pt РЇ 
^ = - + 23 for Eqn. (а!) 
1 1 2 
. 2 i 
2Pi Em 2Pf afi Pi or Р! - 2 for Eqn. (c') 


and again get Eqn. (f) 


тї Cp/R Р! 
(8) 48) 


Then we obtain P^ = 1333 Баг, Т! =2234 К, and Tf =328.01К. 


2.206 From problem statement Pi = Pi = РЇ and ТЇ = y =T". 
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Mass balance on the composite system of two cylinders 


2Pf PE Apt 2P 


m 


NI + МЇ = Ni or - 
1 2 1 TË TË ті 





Energy balance on composite system 


2Р! _ 2х200 bar 


М = МОЁ + NIU} > Р! = 





= 1333 bar (as before) 








and r-i a.i 
2Р} 253 


р -Ті-250К. 

2.27 Even though the second cylinder is not initially evacuated, this problem still bears 
many similarities to Illustration 2.5-5). Proceeding as in that illustration, we 
obtain 


i i f f 
Ai | В E ah + B instead of Eqn (а!) 
T R Т Т, 


2Р + Рі - 2P! + Pf = ЗР! instead of Eqn. (c) 





[Thus, P! =(2x200+1x20)/3=140 bar] and again recover Бап. (f) for 


Cylinder 1 
Cp/R f 
A 
215 -1-1- Eqn. 
e E TS 


Solution is P! = Pf = 140 bar, Tf = 22647 К, Tf =28651K. 


2.28 (a) System = Gas contained in room (open system) 


mass balance: 21 = № 
аі 





energy balance: СОИ МН-О- ніХ + Ò 
dt = а 
Thus, 
4, d(NU) „ау ам ай 
= —-—H U-H)—-^4N-—— 
9 dt — dt 6-8 dt dt 
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о-в] (2) лс, Е (=) + NCy а 
R) dt\T dt P dt\T dt 


_-NRT dP, aT dT 














| + NR — + NC 
Q-—P d dt Уш 
Since Р = constant, Z =0, Q = тст ог 


dT О КТ. 15х10? W-8314 J/mol K-28315K 
dt Ф РИ 29 J/mol K-10133x10? Pa-(35x5x3) m? 
= 00229 K/s-137 K/min 





(b) System = Gas contained in sealed room (closed system) N = 0 








d Т. 
Energy balance: 20 = № cies = NC, 2 -0 
dt dt 
23 ОЕ ЕЕ. х 137 K/min 
dipess NC, Cy grpmeled 29-8314 
-1925 K/min 


2.29 In each case we must do work to get the weights on the piston, either by pushing 
the piston down to where it can accept the weights, or by lifting the weights to the 
location of the piston. We will consider both alternatives here. First, note that 
choosing the gas contained within piston and cylinder as the system, AU = QW. 
But AU=0, since Ше gas is ideal and T= constant. Also 


W= -f Рау = -NRT In(V;/V,) , for the same reasons. Thus, in each case, we have 


that the net heat and work flows to the gas are 


-2 
W(work done on gas) = -NRT 3 --2479 ог = 16225] 


2334x107 
and Q - -W = -1622.5 J (removed from gas) 


1 


If more work is delivered to the piston, the piston will oscillate eventually 

dissipating the addition work as heat. Thus, more heat will be removed from the 

gas + piston and cylinder than if only the minimum work necessary had been used. 
Note that in each case the atmosphere will provide 


W, 


atm 


= PAV = 1013х10° kPa x (2.334 1.213) x 10? m? 211356 J 
and the change in potential energy of piston 


(2.334 -1213) x10? т? 


mgAh = 5 kg x98 m/s) x 
5 5 / 1x10? т 


= 54.9 Ј 
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The remainder 16225—11356—549 = 432.0] must be supplied from other 
sources, as a minimum. 


(a) 


(b) 


One 100 kg weight. 

An efficient way of returning the system to its original state 1s to slowly (1.е., 
at zero velocity) force the piston down by supplying 432.0 J of energy. When 
the piston is down to its original location, the 100 kg is slid sideways, onto the 
piston, with no energy expenditure. 


An inefficient process would be to lift the 100 kg weight up to the present 
location of the piston and then put the weight on the piston. In this case we 
would supply 


AV m (2334х107-1213х107) т 
MgAh = Mg — = 100 kg x98 — x 
4 E 2 s 1x10? m? 





= 1098.6 kg п /5 210986 J 


This energy would be transmitted to the gas as the piston moved down. Thus 


W(ongas)- 11356J+ 549J + 10986J -22891 


(atmosphere) (PE of piston) (PE of weight) 
W)--QU) М.а = Оа 
Efficient 1622.5 16225—11905 = 432.0 
Inefficient 2289.1 22891-11905 = 10986 


Two 50 kg weights 
In this case we also recover the potential energy of the topmost weight. 


m (1597—1213)x10? m? 


mgAh = 50 kg x 9.8 x 
4 5 sg 0.01 m? 


= 188.2 J 





Thus in an efficient process we need supply only 
16225—1135.66—549 —1882 = 2438 J 


An efficient process would be to move the lowest weight up to the position of 
the piston, by supplying 


m (2334-1213) x 10? ш? 


2 х 110730 = 549.3] 





50 kg x 9.8 


Slide this weight onto the piston and let go. The total work done in this case 
18 
11356 + 549 + 2438 + 5493 =19836J 


(atmosphere) APE of piston APE of weight supplied by us 


Therefore 
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WQ) ==0 усе = SO de 
Efficient 1622.5 1622.5 — 1378.7 = 2438 J 
Inefficient 1983.6 1983.6 — 1378.7 = 604.9 J 


(c) Four 25 kg weights. 
In this case the recovered potential energy of weights is 





= _ —2 
25kgx98 m/s? [90597 002 1213)]х10 |» 
х 


= 3023 J 
Thus in an efficient process we need supply only 
1622.5- 1135.6 54.9 — 3023 = 129.7 J 


An inefficient process would be to raise the lowest weight up to the piston, 
expending 


(2.334 -1213) x10? m? 


25kgx98 m/s) х 
5 / 1x10? т 


= 274.61 





Thus the total work done is 
1135.6 + 54.9 + 302.3 + 274.6 = 17674 J 


апа 


W= -Q Mule = m de 
Efficient 1622.5 1622.5 – 14930 = -1295 
Inefficient 17674 17674 1493.0 = 2744 


(d) Grains of sand 
Same analysis as above, except that since one grain of sand has essentially 
zero weight W = 162251, Q = -16225 J , Wu, = Qa, 70. 


2.30 System = Gas contained in the cylinder (closed system) 
-NRT d | 
100) = м = МЕ = ка = ы (Using the 
dt dt dt dt V dt 
ideal gas equation of state} 


Since Су and Cp are constant 


ола па (55) (ИҮ (Ay 
кта Уа hj V т 
| 14/(30-8.314) 


energy balance: 








0.03 т: 
0.03 + 0.6 x 0.05 m? 
= 22857 К = -44.58° C and 





=> Т, = (254 27315){ 
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popu e вЕрА 
ОТ 2 29815 





From the difference (change of state) form of energy balance 
AU BH МСАТ, - 1) = -f Pav 


ay у=? = 20 bar x 0.03 m 2006 : — 00242 kmol 
RT 298.15 Кх8.314 x10 “© bar- m 


=> W = AU = -0.0242 kmol x (30- 8.314) kJ/kmol- К. (29815 —228.57)K 


=-36.52 kJ 
Where has this work gone? 
(a) To increase potential energy of piston 
(b) To increase kinetic energy of piston 
(c) To push back atmosphere so system can expand 
(d) Work done against friction (and converted to heat). 
To see this, write Newton's 2nd Law of Motion for the piston 


Pam х A 


у 


mg Frictional Force f, Fr 





Pressure of gas (Р) x А 


= MA—(PA- PA A-mg- fs) m”, v = velocity of piston 
i pot qe. mE. Um 
A dt А А 


—AU = 36,520 J = T PdV 





dv АР "E 
= +f Bud + ар 2а | 
І atm dt тты E qr. т 
Now аа у (А = piston height) and 14.) 
Ad at Ж. 


36,5207= PAV + + талл + f Луй 


atm 
3000 J 2 1760 J 
Work against since Work used to 
atmosphere Vinita =9 increase potential 
energy of piston 


2 
Thus 36,520 J = 3000+ —+ 1760+ | ууй. 
(а) Ifthere is no friction fẹ = 0 then 


n (36520 —3000 —1760)J x 2 


-2117 m?/s? > v 21455 m/s 
300 kg 
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(b) If we assume only sliding friction, / = kv 
| луу = каг = (36520 — 3000 -1760) = 2" -4|Уа 


In order to determine the velocity now we need to know the coefficient of 
sliding friction Ё, and then would have to solve the integral equation above (or 
integrate successively over small time steps). It 1s clear, however, that 


v(with friction) « v(without friction) 2 14.55 m/s 








2.31 25°С, 30x10Ó Pa = 3 MPa 





125 kg/s System for “ЗУ System for 
(a) mass balance (steady-state) part a part b 
0- М, + М, 25° С, 


3.0 х 105 Ра = ЗМра 


=> M, = - M, =125 kg/s 128 kale 


Energy balance (neglecting PE terms) 
2 2 
0-2 Му Ei 1 |+ M, Я, +22 
2 2 
М = pvA = mnvA ; p= mass density, n = molar density, 
v= velocity, А = pipe area, m= molecular weight. 


Me ud 
m RT 
125 kg/s _ 30х10% Pa 


x v(m/s) x л x 0.09 m? 





16 kg/kmol 298.15 K x8.314 x I0? Pa. m? 
=> v=2283 m/s 
ту? _ 16 kg/kmol x (22.83 m/s) 
2 2x1 kg: m/Ns? 


Back to energy balance, now on a molar basis 





= 4170х10° J/kmol = 417 kJ/kmol 





2 2 
mv, ту, 
=С (7-5 
2 2 ik 1 2) 


As a first guess, neglect kinetic energy (егіп... 
С.(11-1,)-0->11-Т,-25С 
Now check this assumption 
_ ту Ву) 30x106y, 
m В 20x10 
Recalculate including the kinetic energy terms 


| 
С,(1-1)-52(3-30)- 2 (3424 2283?) = 5209 J/kmol 


Н, Н, = 





V = 3424 m/s 
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5209 J/kmol 
368 J/molx1000 mol/kmol 


Thus the kinetic energy term makes such a small contribution, we can safely 
ignore it. 


1-1 








=1-014°С 


(b) Mass balance on compressor (steady-state) 0 = М, + М, 
3.0 x 106 Ра 
Т.=25° С ан 


Energy balance on compressor, which is in steady-state operation 


ОН, + AH, 79 +й =й = NGG- T) 
=25°С 


adiabatic compressor 


Can compute W if T, is known or vice versa. However, сап not compute both 
without further information. 






3.0 x 105 Pa 
Т.=25° С 


2.0 x 10 Ра 
Та? 


Gas cooler 


ПОХ | 


Analysis as above except that О + 0 but W=0. 
0=N,+N, 


Here we get 4 > е 
5 ІЗ МС,( Т, -Ъ) 
=25°C 


Can not compute Q until T, is known. 


See solution to Problem 3.10. 


2.32 а) Define the system to be the nitrogen gas. Since a Joule-Thomson expansion is 
isenthalpic, A(T, ‚Р)= Й(Т,,Р,). Using the pressure enthalpy diagram for 
nitrogen, Figure 2.4-3, we have 
Н(135 K,20 MPa) = 153 kJ / kg and then T, = T(P, = 04 MPa, Н = 153 KJ / kg) 
From which we find that Т = 90 К, with approximately 55% of the nitrogen as 
vapor, and 45% as liquid. 

b) Assuming nitrogen to be an ideal gas (poor assumption), then the enthalpy 


depends only on temperature. Since a Joule-Thomson expansion is isenthalpic, this 
implies that the temperature 1$ unchanged, so that the final state will be all vapor. 


2.33 Plant produces 1.36 x 10? kwh of energy per year 
= Plant uses 1.36 x 10? x4 = 544 x 10" kwh of heat 
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1 kwh = 3.6 х 10° J 
= Plant uses 3.6 x 10° A x 544 x 10? kwh = 19.584 x 10 J/year 
W. 


AH of rock (total) — M-Ĉ (T; - T) 
= 10? kgx1 J/g K x1000 g/kg x (110—600) К 
= 490 x 10" J 


= 1958 x10P J/year x x years = 490 x 10? J 
x — 2502 years 
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3.1 


3.2 


3.3 


(a) System = Ball (1) + Water (2) 
Energy balance: МО! + М.О: — МО! - M,U! =0 





> MOQ - ті) + M,C) (Gi -G)=0; also 7/ -Tf . Thus 
ЯС MCO + М,Су,П) 5x10 x05x75-12x10 x42x5 
M,C, + М,С,, 5x10 х 05+12х103 x 42 


=831°C 
[Note: Since only AT's are involved, °C were used instead of K)]. 





(b) For solids and liquids we have (eqn. 3.4-6). That AS = М | Cp T = MCp n for the case in 


1 
which Cp isa constant. Thus 











Ball: 45 25x10 gx05— ха = 531612 
к | 75+27315 K 
= 531.61 s 
EE O ET V xn ETSI = 596.222 
gK 5427315 K 


and 


AS(Ball + Water) = 59622 — 531.61 к = 64.61 L 





Note that the system Ball + Water is isolated. Therefore 
AS = 5... = 6461. 
K 


Energy balance on the combined system of casting and the oil bath 


MC „(Т^ - Т!) + М,Су „(Т^ Е 1) = 0 since there is a common final temperature. 


20 kg x os (r/ —450)K +150 kg x җе (т! -450)К =0 

kg-K kg-K 

This has the solution T= 60°C = 313.15 К 

Since the final temperature is known, the change in entropy of this system can be calculated 


e er) 150x26 27335231 kJ 


from AS = 20x 0.5 x қ М3 = 4.135— 
273.15+450 27315+50 K 


Closed system energy and entropy balances 
Ера ке 
й а dt Т 


Thus, in general Ò = rË -Т5,, аш 
t 


Solutions to Chemical and Engineering Thermodynamics, д0 


yo IHE oO is ep 
dt dt dt dt P dt 





d d d 


d 
(a) System at constant U & V — Z =0 and T =0 


| C ий d 
Reversible work: И = y^ (S =0) = жо pat 


gen — 


45 
dt 





Я(3,-0)-825--1 


а ІР а а 
(b) System at constant 5 & P = а = 0 and СЕ =0> ыг =— (PV) 
dt dt dt dt 


so that 








W.(S, =0) =e = 10 | < (РҮ) = d (tj + PV) = 


dH 
dt dt d 


3.4 —€— 
700bar,600C | — Q —9— 10 bar, Т=? 


Steady-state balance equations 


M А : 
ис -0-М,-М, 
й 
и ох : 0 ау 0 ДЭЭ 
A= 0= МЛ Мей e 2% БИ -P Z = М.Ё + М.В, 
t 
Му Т 
Drawing а line of constant enthalpy on Mollier Diagram we find, at Р = 10 bar, T = 308°С 


At 700 bar and 600°C At 10 bar and 308°С 

Г —0003973 m/kg P = 02618 m?/kg 

Й = 3063 kJ/kg И = 3063 kJ/kg 

S = 5522 kJ/kg К 5 = 7145 kJ/kg К 
Also 


0 
95 onc MES 8 4 2 +5: =0 


dt 


gen 


T "m № kJ 
= $4, = M,(S, — 5) or == = S, -$, = 7145-5522 = 1.623 —— 
M, kg. К 





gen 


3.5 
System 


Energy balance 


AU =(0 -Ui)« (uf = А р ped oue 


Solutions to Chemical and Engineering Thermodynamics, 3e 


и; = MG (rf -B)+ мот! -1)= Man! -1)+(1/ – m) 








but T/ = Tf = Т? Ms = рт? - 7-5] 
МС, 


Entropy balance 
adiabatic 


| | 0 
AS = (SÍ - Si) «(sf — Si) = peg +576 


О for maximum wor 
: : ТУ ТЇ 
($ -5)+(5/ - Si) =0= МС, In^ MG In 
2 1 
TÍ Tf 2 
ог Ins => =0; T/ T/ = Ti Ti; but Ff -1/ =T 
ГТ 
2:1 


> (r^y - (iri) or Tf = 4T/ T; and 


И, j і / ті і і 
мо en 5]=[ Б - 7-7] 


1 Баг 10 Баг 
3.6 - 
290K 575K 
(à) Entropy change per mole of gas 


AS = G,In E.— nin E. em S43 
T Ti H 








Thus AS = 293 : рс 1 110 — 09118 


n 314 
molK 290 molK 1 mol K 
(b) System = contents of turbine (steady-state system) 








Mass balance P o= N+, =>-N,=N,=N 


d : : : . 0 
Energy balance <= 0= NH e NB, + 76 + ИР 


W, = N(H, - Hj) = МСБ - 1) 





ие C.(Z, - Т) = 293 x (575— 290)K 


mol К 
J 
-83505-- 
mol 
(c) In Illustration 3.5-1, W = 78348 J/mol because of irreversiblitities (AS = 0), more work is 


done on the gas here. What happens to this additional energy input? It appears as an increase of 
the internal energy (temperature) of the gas. 


3.7 Heat loss from metal block 
dU dT . 
— = С. — = 
dt Ра 9 


Solutions to Chemical and Engineering Thermodynamics, 3e 


3.8 


. T-T, О = heat out of metal 
-W = — 01 
—О = heat into heat engine 
7, 
Т, 
60502 “ir friar = co -2yr 
шт Т 


Т 


Т, Т, 
-W = 6, - 1)- C, Ty in = © -1)-тһ 
1 


-W = СУТ, в 
D 1 


5 Т 
с (В -1)- о5|1-2) 
т Т, 


Alternate way to solve the problem 


Т, 


System is the metal block + heat engine (closed) 


E.B.: 2.04 Се A -Q«W 


d$ Q 


S.B: — de 
dt T 


0 for maximum wor 





фе ОР =, йз ss dU = Фат; as = ат 
dt dt ? dt 
290 - 55 сат т, ES 
dt 7а Т Т 


W = | Wat = jo(i- 2 \ar- G f(1- ит 
f Т 


W = GI - 1)- 56 n= с [1-1)-в 2 
1 2 1 


This problem is not well posed since we do not know exactly what is happening. There are several 

possibilities: 

(1) Water contact is very short so neither stream changes 7 very much. In this case we have the 
Carnot efficiency 


= To -— 
LIW ifm jew 22 00733-73396 
Q Tis, 27+273 300 





(2) Both warm surface water (27°C) and cold deep water (5°C) enter work producing device, and 
they leave at a common temperature. 


T, 
e] F ° 
Т, 


Solutions to Chemical and Engineering Thermodynamics, Je 


3.9 


ам . : | . : : 
MB: 7,-20- My + M, + М > М c (Mut Му) 
t 
dU d DD TRAE 
EB: t -0- Myf ME, + M +W =0 
t 


W =-MyHy = M, E, - (My + М, )А, 
- Malh - fa) + M (M - Hi) 
= My Co (T; его Mi Co (T; 24) 
45 


"40 0 
=0= MySq+ M.S, + MoS T +57 
di HOH LƏL oo + f. prd 


My Sq + М, S, (Ми + М, )S, =0 


S.B.: 


1, 


0 


Malsa -5)+ М(5,-8)-0-> М. ini. M, Cp In = 0 
0 


Th | 1, ) =] ог g” = Тн 
1 Т 
Т = pital Mart Ms) рд f Ute М.) 
From this can calculate 7;. Then 
W = МнС,(1 - Ty) + MO- T) 

This can be used for any flowrate ratio. 
(3) Suppose very large amount of surface water is contacted with a small amount of deep water, i.e., 

Мн >> Му. Then Т ~ Tj 


Ў = My CT -T4)* M, C. (T eq) М, C (Ti, um) 


(4) Suppose very large amount of deep water is contacted with a small amount of surface water, 1.е., 
Мн «M, TR. 
W = MyCp(T, — Ty) + M; C (T, — 1.) ~ Ma CS (T, – Ta) 


System = contents of the turbine. This 15 a steady-state, adiabatic, constant volume system. 


(a) Mass balance Su. 0= М, +M, or М, - — M, 
dt 


Energy balance 
dU VA 2013 J adiabat: 2 СУЙ constan 
——=0= МН + М,Н, + 40-Р она 
di iH 241; ғ 8 Z 1 
Entropy balance 
dS 


T =0= Ms + М,5 Ks Z 
di 191 292 т © 


0, by problem state 


Thus 
М, =-М, =-4500kg/h M.B. 
W, =-M,(H, - H5) E.B. 


S =s; S.B. 


Solutions to Chemical and Engineering Thermodynamics, 3e 





State Т = 500°С Steam H, -34222 К//ке 
1 2 -- К 
А = 60 bar Tables $ = 68803 kJ/kg 
State P, —10 bar Steam Т, = 2404°C 
----> 
2 7, Tables 2 
5-4 = 68803 Н, « 29205 kJ/kg 
kgK 
ke kJ 
W, = 4500 — x (2920.5 — 3422 ae = = я = —627.1 kW 
kg 


(b) Same exit pressure 10 Баг), and still adiabatic 


(Р, = 
=Й = -М((Н, -Һ,). 


Неге, however, 








W, = 0807, (Ра a) = 08(-2:258 x 10°) мо 4500(Н,-34222) n 
=> Й, =30208 kJ/kg Steam T, = 286.7 K 
-----> ^ 
Р=10 bar Tables S, = 7.0677 kJ/kg К 
Thus 
Seen = - MS, - $) = -4500 KS (6880370677) С T 
h kg K K-h 


(c) Flow across valve is a Joule-Thompson (isenthalpic expansion) ... See Illustration 2.3-3. 
Thus, Н кат Ju ofvalve » and the inlet conditions to the turbine are 


H, = Ha ofvalve — Trio valve — 3422.2 kJ/kg 
В = 30 bar 

Steam T, ~ 4848°C 

Tables 5, = 7.1874 kJ/kg К 


Flow across turbine is isentropic, as in part (a) 


5, = $, = 71874 kJ/kg К Steam Т, =318.1°C 
m А 
Р, = 10 Баг Tables Н, = 30904 kJ/kg 


W, = 450052 x (30904 — 34222) = 1493 x 10° ч --4148 kW 
5 


3.10 Since compression is isentropic, and gas 1s ideal with constant heat capacity, we have 
T, - P, R/Cp 
т) (8 


p We 3 x 196 214/568 
So that 7; = 1 3 = 298. ЇГ 2 — 326.75 K. Now using, from solution to 
1 


Problem 2.31, that W, = NC,(T, — Т) 





Solutions to Chemical and Engineering Thermodynamics, 3e 











№, -12558 х 11701, 368 l (32675-29815 x 10008 
S 16 mol K k 


=823х10° J/s 
The load on the gas cooler is, from Problem 2.31, 


Q- NC,(T,- В) 
. 125 kg/sx1000 g/kg В 
16 g/mol 
= -823x10*5 J/s 





36.8 : x (298.15 — 326.75)K 
mol K 


3.11 (a) This is a Joule-Thomson expansion 
= Н(70 bar, T = 


9) = Й(10133 bar, T = 400°C) = Ё(1 Баг, T = 400°C) 
= 32782 kJ/kg 


and Т = 447°С, $ 26619 kJ/kg К 


(b) If turbine is adiabatic and reversible (Sgen = 0) , then 94 = 5, -6619 kJ/kg К and Р-1013 
bar. This suggests that a two-phase mixture is leaving the turbine 


| $У 273594 kJ/kg K 
Let x = fraction vapor , 
51 213026 kJ/kg K 


Then x(7.3594) + (1— x)(13026) = 6.619 kJ/kg К or х-08778 


Therefore the enthalpy of 
fluid leaving turbine is 


Н-08788х 26755 +(1- 08718) ж 141746 = 23996 № 
AY (sat’d, 1 bar) (sat'd, 1 bar) g 


Energy balance 


0= М.Н. + МВ Я + Ё WW – Р 2 


but Min = -M 


out 





= 3278.2 — 2399.6 = 87864. 


іп 


(c) Saturated vapor at 1 bar 


$ = 7.3594 kJ/kg К; Я = 26755 kJ/kg 


= 3278.2 — 26755 = 602.7 kJ/kg 


in | Actual 


Ван ушы 00 


= 68.6% 
878.6 


= 7.3594- 6.619 = 0.740 kJ/Kh 


(d) м 0= М+М, > М,--М, 
ау 

Steam Water 0- M (B - H,)+W, -0- Шат 

70 Баг 1 Баг 0 

447° C 25° С 0- М.(5,-5)+=+ 5 

о 
Simplifications to balance equations 
S gen = О (for maximum work); раї, = 0 (constant volume) 
t 

2 = 2 where 7, =25°C (all heat transfer at ambient temperature) 

0 


kJ 
кек 





Н (заса lig, 25°C) = 10489 c $ (sat'd liq, T = 25°С) = 03674 
g 











WM MC TP 
45-146, 1); гүй ЦЭ = H,- Hy + T($; $) = (Н, – 155.) - (Ho – T5) 
= = [32782 — 298.15 x 6.619] - [104.89 — 29815 03674] 





= 1304.75+ 4.65 213094 kJ/kg 
3.12 Take that portion of the methane initially in the tank that is also in the tank finally to be in the 
system. This system is isentropic 5, = S;. 


(a) The ideal gas solution 


p, MIC» 35 8314/36 
S SEI. =300/ | =1502К 
P 70 





Р р, Ру 
МЕРАМ ==" = 19646 mol; М, = Z = 1962 mol 
RT RT, RT, 


АМ = N; — М, = -17684 mol 





(b) Using Figure 2.4-2. 





70 bar = 7 MPa, T = 300 К S; 2505 kJ/kg K = 5, 
3 3 
V =00195-—, so that m = — 2 — = 3590 kg. 
5 001952. 
kg 
35.90 kg x 1000-5- 
М, = È = 1282 mol 
28-8. 
mol 


At 3.5 bar = 0.35 MPa and 5% -505 kJ/kg К Т = 138 К. Also, 
3 3 





V, = 0192, so that my = "7. = 3646 kg. 
5 0192 7. 
kg 
3646 kg x 1000-2- 
N,- È = 1302 mol 
g 
8-2- 
mol 


AN = М, — М, = 1302—1282 --11518 mol 


3.13 d$ = С к eqn. (3.4-1) 


А$ = | (а-®Ю+ьт+ст?  -аг +E 1. (4. 
TOE V 


so that 








S5. У,)- S. V) - (a- Bin Zeb -1)+=(12 17) 
1 





4 pe V 
«ЕЕ. 205: ТШ 


чә 


Now using 


У, Т, 
РУ = ЕТ > = =-2 


2.1 
У Т 





S [tv 





T. - 
5(1,, Б)-5(1, В)-аш-2--4(1, 5) Т?) 
1 





а E 2 Р, 
--(77-1)) 57 n^) шаг 


чә 


Finally, eliminating T, using T, =ПРУ,/РУ, yields 








BV b 
ируз) SPY) ань PETS ВУ |) 


Бур (ВУ) - aw] 


OARA 


2 
-2-|(вуу?) = (AY, ?) -R In 


1 


3.14 System: contents of valve (steady-state, adiabatic, constant volume system) 


Mass balance 0- N +N, 


‚ : 5 0 0 
Energy balance 0- NH, +№Н,+ 49 mA -P Z 


>H, =H, 


. . ё 0 
Entropy balance O= N.S, + Nasa esse fd 


Sgen 
= AS=S,-S,=—— 
ла N 
(a) Using the Mollier Diagram for steam (Fig. 2.4-1а) or the Steam Tables 


T -600K P,-7 bar _ =293°С 
В = З5 һаг Hy = 30453 Jg 5,-7277 MgK 


Н, = Н, = 30453 J/g. Thus $, = 65598 J/g К; Т, 
AS = $, -$, = 0717 J/g К 
(b) For the ideal gas, H, = Н, > T; = Т = 600 К 


= 293°С 


xit 





Т, Р, 
AS = S(T, В) (t. A) = C, In К 
1 1 


Р. 
= -Rin =1338 J/mol К => 
1 


А$ = 0743 J/mol К 


3.15 From the Steam Tables 
Р = 15538 MPa 


V^ = 0001157 m?/kg V” 2012736 m! /kg 
Ü^-85065kJ/kg Ú” =25953 KJ /kg 
H'-85245kJ/kg А" = 27932 KJ / kg 
55 =23309kI/kg-K 5’=64323 KJ / kg-K 


АН“? =19407 kJ/kg AS“? = 41014 kJ /kg-K 


(a) Now assuming that there will be a vapor-liquid mixture in the tank at the end, the properties 
of the steam and water will be 
P -04578 MPa 


V^—0001091m?/kg V” = 03928 m/kg 
Ü'-63168kJ/kg О =25595 KJ / kg 
H'-63220kJ/kg Н" = 27465 KJ / kg 
51 = 1.8418 kJ /kg:-K 5 = 68379 kJ /kg-K 


^ 


AH“? = 21143 К /ке AS“? —49960kJ/kg-K 


At 200°C, 


At 150°С, 


(b) For simplicity of calculations, assume 1 m? volume of tank. 








Then 
3 
Mass steam initially — шиг = 6.2814 kg 
0.12736 пт / kg 
2m 
Mass water initially — i мн = 172.86 kg 
0.001157 m” / kg 
Weight fraction of steam initially = pelt = 0.03506 
179.14 
Weight fraction of water initially = ae = 0.96494 


79.14 - 
The mass, energy and entropy balances on the liquid in the tank (open system) at any time 
yields 

















ам" _ jh dM'Ü"* 29" dM'$* _ еу 
dt dt dt 
or wee? 10M- ің” H” ам 
а dt dt 
dU dM", ^ ^ 
ue dt dt (a 9% 


Also, in a similar fashion, from the entropy balance be obtain 
CL МЕ,» к МЕ 

МЕ 48 — d (s" 5") an d 
dt dt dt 





AS“? 


There are now several ways to proceed. The most correct is to use the steam tables, and to use 
either the energy balance or the entropy balance and do the integrals numerically (since the 
internal energy, enthalpy, entropy, and the changes on vaporization depend on temperature. 
This is the method we will use first. Then a simpler method will be considered. 

Using the energy balance, we have 








М“ JL 
~ I Tg or replacing the derivatives by finite differences 
Mj = М; UL Eq ы Ue mi 
СЕТА orfinally Ма, = МИС 


So we can start with the known initial mass of water, then using the Steam Tables and the data 
at every 5°С do a finite difference calculation to obtain the results below. 


i T (°C) Us (KMkgK) А” (kJ/kg К) М; (kg) 
1 200 850.65 2793.2 172.86 
2 195 828.37 2790.0 170.88 
3 190 806.19 2786.4 168.95 
4 185 784.10 2782.4 167.06 
5 180 762.09 2778.2 165.22 
6 175 740.17 2773.6 163.42 
7 170 718.33 2768.7 161.67 
8 165 696.56 2763.5 159.95 
9 160 674.87 2758.1 158.27 
10 155 653.24 2752.4 156.63 
11 150 631.68 2746.5 155.02 


So the final total mass of water is 155.02 kg; using the specific volume of liquid water at 
150°С listed at the beginning of the problem, we have that the water occupies 0.1691 m? 
leaving 0.8309 m? for the steam. Using its specific volume, the final mass of steam is found to 
be 2.12 kg. Using these results, we find that the final volume fraction of steam is 83.09%, the 
final volume fraction of water is 16.91%, and the fraction of the initial steam + water that has 
been withdrawn is 

(172.86+6.28-155.02-2.12)/(172.86+6.28) = 0.1228 or 12.28%. A total of 22.00 kg of steam 
has withdrawn, and 87.7% of the original mass of steam and water remain in the tank. 


For comparison, using the entropy balance, we have 








М" GL 
E D Fl or replacing the derivatives by finite differences 
L _ mL GL 01 GL сі 
Мы с = 8 of finally M4, = М; Е 
М; AS, Ақ’ 


So again we can start with the known initial mass of water, then using the Steam Tables and 
the data at every 5°С do a finite difference calculation to obtain the results below. 


i T (°C) $} (kJ/kg К) 55 (kJ/kg K) М; (kg) 
1 200 2.3309 6.4323 172.86 
2 195 2.2835 6.4698 170.86 
3 190 2.2359 6.5079 168.92 
4 185 2.1879 6.5465 167.02 
5 180 2.1396 6.5857 165.17 
6 175 2.0909 6.6256 163.36 
7 170 2.0419 6.6663 161.60 
8 165 1.9925 6.7078 159.87 
9 160 1.9427 6.7502 158.18 


10 155 1.8925 6.7935 156.53 
11 150 1.8418 6.8379 154.91 


So the final total mass of water is 154.91 kg; using the specific volume of liquid water at 
150°С listed at the beginning of the problem, we have that the water occupies 0.1690 m? 
leaving 0.8310 m? for the steam. Using its specific volume, the final mass of steam is found to 
be 2.12 kg. Using these results, we find that the final volume fraction of steam is 83.10%, the 
final volume fraction of water is 16.9046, and the fraction of the initial steam + water that has 
been withdrawn is 

(172.86+6.28-154.91-2.12)/(172.86+6.28) = 0.1234 or 12.34%. A total of 22.11 kg of steam 
has withdrawn, and 87.746 of the original mass of steam and water remain in the tank. 


These results are similar to that from the energy balance. The differences are the result of 
round off errors in the simple finite difference calculation scheme used here (і.е., more 
complicated predictor-corrector methods would yield more accurate results.). 


A simpler method of doing the calculation, avoiding numerical integration, is to assume that 
the heat capacity and change on vaporization of liquid water are independent of temperature. 
Since liquid water is a condensed phase and the pressure change is small, we can make the 
following assumptions 
U" =H" and HY - ^ = AH 
7L ИЕ Т^ GL L JT! 

dU -4 gu | and © , Са 

dt dt dt dt T dt 
With these substitutions and approximations, we obtain from the energy balance 











, 











^L L yL Ñ 
м: „© (8 "-Ü") > м =a AH? 
t t t t 

E 
mip TL = 4 лр» 
dt dt 


Now using an average value of Cy and АН“ over the temperature range we obtain 
C; dT | ам" 
АН“ dt M* dt 





or 


L 


p M; 
= (150—200) = In| 12 





vap 
and from the entropy balance 
145% dM* аш у pi Cr dT АМ" ay 
dt dt T dt dt 
Now using an average value of C7 and AS"? over the temperature range we obtain 
C; dT | dM* 
ТАЛ dt М" dt 


Ci w 1902715) 2 Ч A 











or 





АЯ"? \200+27315 м; 


From the Steam Table data listed above, we obtain the following estimates: 


(с) 


LÜ(T-200CO -Ü(T-150C) 85245-63220 _ „М8 
200°С-150°С 50 К-К 


or using ће In mean value (more appropriate for the entropy calculation) based on 





C; 





ci 45) = $m)- 501) 
Tj 
, _ S(T = 200°С) – S(T =150°С) 2.3309-18418 | kJ 
Cp 4 200+ 2 E (25) Е 
150+27315 42315 


Also, obtaining average values of the property changes on vaporization, yields 


АН“ = i x[AH™?(T = 150°C) + АН (т = 200°С)] = ых [21143+19407]= 20215. 
2 


дб = 15 [А5 (Т = 150*C) + А5 "(т = 200°С)] = + [4996041014] - 45487—7— 
2 2 ке: К 


With this information, we can now use either the energy of the entropy balance to solve the 
problem. To compare the results, we will use both (with the linear average C, in the energy 
balance and the log mean in the entropy balance. First using the energy balance 

es Мұ) -4405x50 

Р _ (150—200) 2In| — |= = 010863 

AH"? М; 20275 








L 


M; 
£ =ехр(—010863) = 089706 


Lo 





Now using the entropy balance 


Mt L 
nee С; 0150127315) ща) - ave2sin( 42315) 
М, АЯ"? \200+27315/ 45487 147315 47315 


М; _ E 
М (47315 


Given the approximations, the two results are in quite good agreement. For what follows, the 
energy balance result will be used. Therefore, the mass of water finally present (рег п?) is 


М" (final) = 0897 x M" (initial) = 155.06 kg 
occupying V = M'(final) х У" (150°С) = 155.06 х 0.001091 = 0.1692 m? 








0.9628 
| =089805 


Therefore, the steam occupies 0.8308 т?, corresponding to 
3 3 
И (байл $m. SOE зү. 
V'USUC) agag 
kg 
So the fraction of liquid in the tank by mass at the end is 155.06/(155.06-2.12) = 0.9865, 
though the fraction by volume is 0.1692. Similarly the fraction of the tank volume that is 
steam is 0.8308, though steam is only 2.12/(155.064-2.12) = 0.0135 of the mass in the tank. 





Initially there was 6.28 + 172.86 = 179.14 kg of combined steam and water, and finally from 
the simpler calculation above there is 155.06 + 2.12 = 157.18 kg. Therefore, 87.796 of the 
total amount of steam + water initially in the tank are there finally, or 12.396 has been 
withdrawn. This corresponds to 21.96 kg being withdrawn. This is in excellent agreement 
with the more rigorous finite difference calculations done above. 


ау 


3.16 (а) 74 20-М%М; ог №, =—М, 


3.17 








а =0= NH, Н, els 4-Р Sis + АН, МН or #®= Hy H, 
1 
® = 0=N,S,-N,S,+ 248, сш = 37151 
dt Т, М, mol. К 
йй p 
—=H,-H, = [ат = Cp (T; -29815К) if the heat capacity is independent of 
М, 298.15K 
temperature. First consider the reversible case, 
T; 10 
$,—5, =0 gives [тат = ES The solution | is 49914К. | Then 
Т, 1 
We J | 
N = Cp: (499.14 —29815K) = 7467 P 1 The actual work is 25% greater 


1 


Waa = 1259; = 9334—— = C, (Т, -29815К) 
mol 


The solultion is T, = 549.39K 


(b) Repeat the calculation with a temperature-dependent heat capacity 
Cp(T) = 2224345971 10? T 349910? T? - 7464-10? T? 
Assuming reversibility 7; — 479.44K. Repeating the calculations above with the temperature- 


dependent heat capacity we find УУ = 9191 J, and 7;=520.92K. 
So there is a significant difference between the results for the constant heat capacity and variable 


heat capacity cases. 


T, 2300 К, T, = 800K, and P. 2 1.0 bar 





СЫ(Т)- 29.088 -0.192x10? T +0.4x 10?T? -0.870x 10? T? 1 
mol. К 
T, -800K P, 
| Sar. p f 

1,-300К Т В=1 Р 
Calculated final pressure Р, = 3.092 х 10° Ра. 

T, =800K 

4 J 

Wa - { Cp(T)dT -1458x10* — 

Т,-300К то! 
Stage 1 is as in the previous problem. 
Stage 2 


Following the same calculation as above. 


Stage 2 allowed pressure P, = 9.563x 107 Pa 


W, 


rev 


= 1.458х10* E = Stage 2 work 
mol 


3.19 


3.20 


Stage 3 


Following the same calculation method 


P; 3 = 2.957 х 10? Ра = Stage 3 allowed pressure. 


W, 


rev 


= 1.458 х10* иг = Stage 3 work 
mol 


Question for the student: Why is the calculated work the same for each stage? 


The mass, energy and entropy balances are 





M MES S M Ce 
dt 
dU x ex "PEE A | 
Е 0= MH, + M,H,+0+W; M(H,- H,)+W, =0; 
wW, = +M(H, - H) 
© =0= M + MSS 244, = (S - S) +8 pq =0 
SENE za MS, ~ 8) 
300°C, 5 Баг = 05 MPa A, = 30642 kJ/kg 
$ =74599 kJ/kg K 
1009С, 1 bar = 01 MPa Н, =26762 kJ/kg 
$, =73614 kJ/kg К 
n = 2676.2 — 3064.2 = 388 kJ/kg satisfied the energy balance. 
£ 
$ 


m "= 5, - S = 7.3614 —7 4599 = —00985 kJ/kg K can not be. Therefore the process is impossible. 





- 


Steam 20 bar =2 MPa and 300°C Н = 30235 kJ/kg 
5 = 67664 kJ /kg (from Steam Tables) 


^ 


И = 2772.6 kJ/kg 
Final pressure = 1 bar. For reference saturation conditions аге 
P 201 MPa, T = 99.63 
0+ = 41736 НҮ = 41746 8" = 13026 
UY = 25061 НҮ = 26755 57 = 73594 
(a) Adiabatic expansion valve W = 0 and Q = 0 


M.B.: ай. M,+M,=0; M, =-M;; 
t 

E.B.: “- MA, + M,H, =0; Н, = Н, 
t 


From Steam Tables 

= Н, = 30235  T-250C Ĥ=29743 kJ/kg 5=80333 kJ/kg К 
Р-01МРа Т=300°С н =30743 kJ/kg $=82158 kJ/kg К 

By interpolation T = 275°C gives Н = 3023.5 КЈ/ kg = all vapor 


5-81245 kJ/kg К 


dS VUA UA А 

— = MS, + MS + Sgen = 0 

dt 

Sgen ај чм 

1) = 5278) = 8.1254 -6.7664 = 1359 KJ/kg К 


gen 


(b) Well designed, adiabatic turbine 


EB: MH *MjH,*Wz0;Wz(H,-H) 





S.B: М5 4 М,5,-0; $, =5,; $, = 67664 kJ/kg К 


— Two-phase mixture. Solve for fraction of liquid using entropy balance. 





x- (7.3594) + (1— x)- 13026 = 6.7664 
x = 0.902 (not good for turbine!) 


Â, = 0902 x 26755+ 0098 х417А6 = 24542. kJ/kg 
= (24542 — 30235) = —5693 kJ/kg 

W 
_W - 5693 кук 

И /kg 


(c) Isorthermal turbine => superheated vapor 
T = 300°C 
Р=0.1 MPa 


| Н=3074.3 kJ/kg 
final state E 
5 282158 kJ/kg К 
ЕВ: МН, +М,Н,+0+\=0 
sit a hig MO) 0 
SB: МА + М, ET 1907 =0 


Q К TS A ^ 
T -M Sı- М5, = М8; -8) 
£ = T(S, – $1) = (300+ 27315(82158 — 6.7664) kJ/kg K 
= 830.7 kJ/kg 
Hs 0 
M M 
— get more work out than in adiabatic case, but have to put in heat. 





(А, — Hi) = 8307 + (30235 - 30743) = 7799 kJ/kg 


3.21 System = contents of the compressor (steady-state, constant volume). Also, gas is ideal. 


(a) 


(b) 


Mass balance 0- № +N, > № =-М, 
; : : : d 0 
Energy balance 0- NH +N, H, + oe -P Z 
adiabatic Эс 
Entropy balance 
reversib: 


0 compresso: 


с-ма, A tes > S,=S, 
0 


From the energy balance W, = Л/СЬ(Т,—1,) or = -06(у-1) 


ар? 


From the entropy balance 8, = 5, > Р = д 5 
1 


В RICp 
Ы 2 1 
М В 


Two stage compression, with intercooling, so that gas is returned to initial temperature, before 
entering 2nd compressor 


Thus 





work in stage 1 =W! = NGT, 





ж \R/Cp 
2) - ! ; where P" = pressure after 1st compressor. 
1 


| қ/с, 
work in stage 2 = W” = soa (4) - | 


: ; : ы е; : 
Total work = W/! +W” = Е | H (2) | =W, 
1 





To find P' for minimum work, set d W, / aP =0. 


x \(R/Cp )-1 (R/Cp)-1 
d с ч Р 
о || Я (285) 
dP Съ\ АВ В Q\P Р 


ЭР eye _ (ЕР,)#©® 








ог 
P" = JRP, 
Students should check that this results in minimum, and not maximum work. 


System: nitrogen contained in both tanks (closed, adiabatic, constant volume) 


Mass balance: М! = М/ + МУ (1) 
Energy balance: MU, = мүсү + Mf Üf (2) 
Final pressure condition: P/ = РУ (3) 


For the entropy balance, the nitrogen in the first tank that remains in the tank will be taken as 
the system. Then 


Si = Sf (4) 


Equation (1) —(4), together with eqn. of state information of the form $- S(T. -Р), 0-0 (Т,Р) 
and V = ИТ. , P) which we can get from Fig. 2.4-3 provides 4 eqns. for the 4 unknowns 

ТЇ, Р/, ТУ and РУ. Procedure to be followed in solution 

(1) Guess а final pressure P^ 

(ii) ^ Use сап. (4) + Fig. 2.4-3 to compute Т , caluculate 0] 

Gii) Use Fig. 2.4-3 to get Vi , compute Mi = И 
(iv) Mf = M; - Mj ‚ава V/ =V/ М 

(v) | Use Р/ and 24 to get 7) and us 

(vi) See if energy balance, Eqn. (2), is satisfied. If it is, guessed Р” is correct. If it is not, 
guess new р” , go back to (ii), and repeat calculation. 

Some preliminaries 


Ti -250K Figure Hi 2368 kJ/kg 
Р! = 200 bar 24-3 Vi = 00037 n?/kg 


Thus Mi =V /Vi = 001 т> /00037 n?/kg = 2.703 kg 


As a first guess, use ideal gas solution for pressure. (Also try some neighboring pressures.) My 
solution is 


Pf = Р) =133.3 bar (same as ideal gas solution) 
Т/ =226К (ideal gas solution: Т/ = 2228 K) 
ТУ =285 K (ideal gas solution: 7) =3304 K) 


3.23 (a) Setup just as in Problem 3.22 above. Solution after a number of iterations is Pf = Pf м5һаг. 


Tf = 2756°С and 7) = 4977°С. 


(b) Since now there is heat exchange between the two chambers we have Tf = 7). This equation 


18 used instead of entropy balance. Solution procedure is to guess a final pressure, and then 
compute final temperature using first the mass balance 








| кой Я А, 
МЕ Мм = =. Ath р Athy (р) 
Vi vi oW VF 7 


That is, choose Т/ until eqn (1) is satisfied. Then compute T from energy balance i.e. 


МО! = МіО + МУО -(м/ + MÍ)U] > 01 =U! Q) 
When guessed P/ is correct, T^ computed from eqns. (1) and (2) using the Steam Tables will 
be identical. My solution is Р/ = 5 bar and T^ = 366°С. 


System = contents of turbine (open, constrant volume, steady-state) 
dN : : f : 
Mass balance: E =0= М + №, > М, – № 


zonstant 
volume 


. 1 : : ayo 
Energy balance: I o= NL, + АН, + P li +6 = P Z 


adiabatic 


=> W, = -Ñ (H, - H,) = -N,C(7 – 1) for the ideal gas 





ау | : 70 . 
Entropy balance: яш а d = +5, 


= en 
t в 


=н) 


| А 
қ/с, 5 
ТЕТ A exp 2860. 
В NIC, 


(a) For Т, to be a minimum, since Sen 2 0 and № >0, Sgen Must be zero. Thus the minimum 
outlet temperature occurs in reversible operation. 
(0) #,=+МСУ(7,—-1). Since T > 5, the maximum work occurs when T, is a minimum. Thus, 


W, is a maximum (in magnitude) for a reversible process. 


3.25 (a) Forany system: 


am. MÂ «Qs, 
dt qoem 


depending Оп the process Q2 0 ог 050 and У MS >0 or Ум «0. Also, Sgen =0 or 


Sgen > 0, depending on whether or not the process is reversible. Thus, dS/dt for a system can 


be greater than, less than, or equal to zero. 
Since, by definition, the universe contains everything, it must be a closed system and 
adiabatic, since there is nothing for the universe to exchange mass or heat with. Therefore 


Оа 20 
dí а dt è 


Thus the entropy of the universe can not decrease, and the statement is true. 
(b) Consider the change from any state 1 to any state 2 in a closed system. The energy and entropy 
balances for this transformation are: 


0) U,-U,-Q«W- 7 the process is adiabatic 
(2) 5, = 5, = Sgen 

If the transformation is possible, then Sen 2 0 now consider the transformation from state 2 to 
state 1. Here 

(3) О ын U, ms р" 

(4) 51 -5 — Sn 
Comparing eqns. (1) and (3) we have W = —W" (This is ok). 
Comparing eqns. (2) and (4) we һауе Sgen = 5582 (5) 
Separately we have, if the processes are possible, that S,., 2 0 and 55 >0. The only way that 
all these three equations for 5,., and San can be satisfied is if S... = Sien =0, that is, both 
processes are reversible. Generally, processes are not reversible. However, eqn. (5) requires 
that only one of S,,, and хэн can be greater than zero. Thus, 


If Sgen > 0 1— 2 is possible, but 2 — 1 is not possible. 


If Sgen > 0 2—1 is possible, but 1 — 2 is not possible. 


3.26 This 15 like Illustration 3.7-2 except that the Rankine rather than vapor compression refrigeration 
cycle is used. Only properties of point 2, and path from 1 — 2 changes. 


Point 2: isentropic $ 212622 kJ/kg K ; Ё = 2798 kJ/kg; 55°С; T=5°C 
51 (5°С) = 10244 ; x = fraction vapor; $ (5°C) = 17252 
1.7252- x +1.0244(1 — x) = 12622 


x = 03393 
A" (5° С) = 2068 Å = x(401.7)+ (1 — х)(2068) 
ЙҮ (5° С) = 4017 Й = 2729 


ОБ = А, – А, = 402-2729 = 1291 
W = Н, - Н, = 432-402 = 30 


С.О.Р.= е 4303 
30 


If the turbine drives compressor 
W = (A, — Hi) - (Ei, — Hy) = (432 - 402) - (280 -2729) = 229 


Vapor compression cycle with change of Tow and Т. 


Location State Path Т(9С) Р(Ра) Ek] /kg) S(kJ /ке) 
1 Sat'd liq 60 1683 2879 1286 
isenthalp 
2 V-L mix 0 293 287.9 
P = const 
3 Sat’d уар 0 293 3988 1.728 
isentrope ә 
4 superheated 1683 433.6 1.728 
vapor 
P = const 7 
5 Sat'd liq 66 1683 2879 1286 
Interpolation 
P-1600kPa 60°С $-17134 Н = 4293 
65°С $ -17323 Й = 4356 
70°С 8 = 17503 Й = 4417 
Р =1700 КРа 65°С $ =17217 Н = 4333 
70°С $ = 17405 Н = 4397 


at 1700 kPa 5 = 1.728 at 65.16°C апа H = 4335 
at 1600 kPa 5 = 1.728 at 63.84°C and H = 4341 
=> at 1683 kPa T = 64.9°С and Ё = 4336 


3.27 General analysis of a heat engine 








) Т, 
© ©, 0-т,; Os = | TAS шеше 1-2-3-4-b-a) 
QO, = | тав = T(S, — S,) = area(a -1-4—b—a) 

Integration around a cycle 
0-0, 3+0 1+. 
-Wie = +0, 40, = area(a 

= area(1- 2-3-4- 1) 


n= 


О, Оз агеа(а 


1-2-3-4-Ь-а)-агеа(а-1-4-Ь-а) 





агса1-2-3-4-1) 
1-2-3-4-b-a) 








Original cycle Increasing evaporator Т but not pressure 





Original cycle Increasing evaporator T and Р 





Either way more work 15 obtained, with only a slight increase in heat rejected 
— almost all the additional heat input is converted to work. 
— efficiency improves 


Decreasing evaporator T 





5 (Note: may get in to 2-phase region) 


Again, efficiency will increase due to more work being produced and less heat rejected. 





'—b'—-a without superheat 
Б-а with superheating. 








Clearly greater work output and higher efficiency with superheat. 





а-1-2-3-4-5-а without subcooling 
a'—|'-2'-3-4-b-a' with subcooling 








Probably is greater efficiency with subcooling, but 1$ not as evident as with superheating case. 


3.29 
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И ЙАРА, M “313 EDU 

СУН залах Sai y МЛ) J 5x 
Т н лэх рын SI HT cum 


7-2 
b Ё ї 
eU ДК ү хас SS Gn m 
aes Ek S TES ze ася 
m шісі 
Т Р 5 H 7 
80°С 47.39 kPa 1.0753 334.91 0.00102 
Isentropic 
2.5 MPa 1.0753 337.4 
700 2.5 MPa m 3914.5 
130.3 47.39 7.8435 
80°С 47.39 


at P = 0.050 МРа(- 0.04739) 


Т-100; 2226825; $ = 7.6947 


Т-150: H=27805; $ = 79401 
=> Т=1303; Ê = 27418 kJ/kg 
Work, „> = +| ТАР = 0.001029 m°/kg x (2500 — 47.39)kPa 


1->2 — 
= 2.524 m3/kgx 10° Ра = 2524 x 10. m3/kg x J/ m? 
= 2524 kJ/kg 


n= he. Aw. | = (27418-39145) +25 =-11702 


net — 





О, = 39145-3374 = 35771 
_ 11702 


—— = 0327 > 327% 
35771 


Turbine 18 only 85%, but adiabatic 
=> Was. = 39145-27418 =11727 


turbine 


-Wt = 0.85 x 1172.7 = 9968 


turbine 


=> Й, =39145-9968 = 2917.7 kJ/kg 
So state 4 > Р= 4739; Ё = 29177 
Т=200°С; Я = 28777; $ = 8.1580 
T =250°C; Я = 29760; $ = 8.3556 
= Т = 2203°С; $ = 82384 kJ/kg К 





Р Т Н 5 
Q 47.39 kPa 80 334.91 1.0753 
Q 2.5 MPa 1.0753 
(5) 2.5 МРа 700°С 3462.1 7.8435 
4 47.39 kPa -190 2860.2 


If turbine is only 85% efficient 
W = 34621-2754.0- 708.1 in previous case 
W = 6019 = H, = 34621— 6019 = 28602 


п =~ 085x 0226 = 0192 


U = 963.73 kJ/kg; $* = 2.5639 kJ/kg K ; О" = 26033 kJ/kg; 5" = 62503 


O09) 


Qin = 
W= 


W _ 34621-2754 
Q 34621-33491 


P kPa T Н 


satL 47.39 kPa 334.91 
2.5 MPa 
superheated 3462.1 
vapor 
superheated 47.39 ~138°C 2754 
vapor 
I, — В, = Ĥ, — Н, = 34621-33491 
Й, — Él, = 2754-34621 


= 0.226 





^ ^ 


S V 


1.0753 0.001029 


1.0753 


7.8435 


7.8435 


3.30 Energy balance around whole cycle 


S.B.: 0-044, 404; -Òu =Ò +Ò. 














je у 
Ta T. Тм 

à. 4, [дф 
Т, Ta Тм Ta Тм 
--т(9:,904 
ace 

o- 2% | О. [e | 2.) 

Ta Т, Тм Тм 














0. _ [0/7))-0/714)] _ Е | 141, 
QO, 10/1)-0/14) 141, 
_ [М-Н] Л (5-М|)|1 
Б ЕЕ A = 
3.31 First write balance equations for the contents of the turbine. This is a steady-state, constant-volume, 
adiabatic system. 
MB. 0= М+М, = M,--M, 
EB.  0- МА MH, +0,  -W, = N(H,- H,) 





ES fo. 
SB.  0- MS + 0,8, + 7 Fi 
T 


Maximum work — reversible process -> CN = 0 (see Sec. 3.2) -> S = 5, . Thus the inlet and 


exit turbine conditions are connected by a vertical line on the Mollier diagram. 





(а) ff = 2880 J/g Vertical line Hy = 2270 J/g, T, = 99.65 C 
> 
connecting 540 K, Saturation T 
Р, =1 bar 
36 bar and 1 bar for P = 1 bar 


= = П, - Ê, = (2880-2270) J/g=610 J/g 


(b) Two stage turbine. Use balance equations above for each stage. 


Stage 1 
T, = 540 К = 26685°C I = 2770 J/g 
Р, = 36 bar Т“ =118°C 
y ff 
Й, = 2880 J/g P* = 185 bar 
$, = 628 J/g K — >  $'-628 J/gK 


After reheating in the reactor 


Stage 2 


Р* = 185 Баг Н, =2440 J/g 
Т“ =26685°С Т, = 99.63°С 
1 f 
Н = 2960 J/g Р, =1 bar 
5= 6.70 J/g — 8 =670 


Note: There is no work done in reheating step (no shaft work, and no change of reheater boundaries). 
Only energy transfer step 15 heating; о/м = 2960 - 2770 = 190 J/g 


Total work out/g — = = (2880—2770) + (2960 — 2440) = 630 J/g 
(20 J/g additional work) 
(c) Similar to part (b) above, except that intermediate pressure is 6.0 bar 


О/ М =445 J/g 
-W.[ M = 685 J/g (75 J/g additional work) 


3.32 System: contents of the tank at any time (open, adiabatic, constant volume system). 


(a) Mass balance: T =-N 




















ideal gas law N = 2. N= РЁ where V = volumetric flow rate. 
Thus, d (=) = 24 >V d (=) = Е Г since V and V are both constant. 
dt RT RT dt T T 
й 2) = ог Е m exp шан 1082 x 107028 ог 
dt (Т V Тішп Tlo V K 
Р(5 min) 21082x10?7(5 min) {P = bar, T =K} (1) 
d . а ам 
Energy balance: —(NU)=-NH>U Ш H рс =Н 
dt dt dt dt 
d d d dT 
NES zu уыз je NO — 
dt а - dt dt 





R/Cp 

АР P „dT P, 

using N = PV/RT yields R— = — С ord eq 2 

8 /RT y т T? 2 ( P | 
[Note: could have gotten this result from the entropy balance also!] 
: 8.314/39 
> Т(5 min) = зад PS mi) ) (2) 
1 bar 


simultaneously solving equations (1) and (2) yields 


P(5 min) = 0281 bar and 7(5 min) = 259.3 К 


R/Cp 
(b) Since pump is adiabatic and reversible, 5, =S ou or Д = 42) since P, = В. This equation 
2 
implies that 7; = 7; = 340 K . 


3.33 Number of moles of gas in tank initially = № = N(0) 


_ POW _ 15barx02 m? x 10 J/n? bar 


2 -ш---------------12226 mol 
RTO) 8314 J/mol K (22 +273.15)К 


N(0) 


x = М 2-45 mol/min 2 N(r) 212226-45t mol (t= min) 


(a) Entropy balance on an element of gas that remains in the tank (see Illustration 3.5-2) yields 


8(0)-5(0)-0-» 70) -(44) 510295 ts | (1) 


From the ideal gas equation of state 


TONE V Т(0)М(0) 
PA R PO 





P(tV = NORT) = 


Thus 


T(t) 29515K 12226 1968 
P(t)  l5bar 12226-45: 1-0.0368И 





(2) 


Now using eqn. (1) in eqn. (2) to solve for P(t) and T(t) yields 


P(t) 215x(1— 0.036810): 995 
T(t) = 295.15 x (1 — 0.036817) ^? 


But Т(ї) 1s temperature ш the tank. What about temperature of gas leaving the throttling valve? Gas 
going thru valve undergoes a Joule-Thomson expansion => Н, = Н. Since gas is ideal, this implies 
T, = Та. Thus, 74), orvave = 29515 x (1-003681) 995 

(b) If tank 18 isothermal, then, instead of eqn. (2), we have 


P(t) RT Р(0) 
NĄ V NO 








=> P(t) =15(1 — 0.0368 Баг 


and T(t) = constant = 295.15 K 


Summary 
T(K) P(bar) 
Adiabatic 29515(1— 003681/)%%75 15(1- 0.036817) 95 
Isothermal 295.15 15(1— 0.036817) 


1) 


2) 


3) 


4) 


This is a tough problem! 
Subscript 1 denotes properties in initally filled tank 
Subscript 2 denotes properties in initially "evacuated" tank 
We will use i and f (superscripts) to denote initial and final properties, and we will assume negligible mass 
hold-up in engine. 
Mass balance on closed system consisting of both tanks 


PV, PV, Bee 


Nİ +N} = NÍ + № > f 
DNE IAM E 





but 





p/ = pf =P! әр | T 140x03 , 035х075 








7 Т 97315 29815 (1) 
3 
2519630109090. 
Entropy balance on gas contained in tank 1 initially and finally. This is а closed, adiabatic, reversible 
system 
: f f 
ж S =S > С,1 І Е (2) 
di Ті H 
Thus 
ГАЧА £N 
п = А s9731 (3) 
В 14.0 


Equation (2) implies that Т and Р, are related as follows 


din; К dhA 














4 
dt, б 4 e 
Mass and energy balances on tank 1 
Мо; - 4 . а dU 
M = c m -N; © e (NU, e -NH, м 
dt dt dt dt 
ат ам dN, . 
or NC, = (Н -U,) = RT; — = -RTN 
Сеа а CUT FR, 
using eqn. (4) gives 
dln P . d 
мс А yA 5) 
Cp dt dt 


balances on the engine: adiabatic, reversible (for maximum work) and since no hold-up of mass, 
dN,/dt = 0 
Subscript eng refers to gas leaving engine and going into tank 2. 


0= (Н, Н.) +W, 
0=(S, Sy) 
> 5, Seng’ 
Also P, = Rag 
RT кеа 6) 
(Note that Tang # 7; ) 
and 
-W, = NO(T, — Teng) С 


5) balances on tank 2 [Note, irreversible mixing occurs unless, fortuitously, Kag = 7; at all times (can this 
occur?). Thus, Sgen > 0, and entropy balance gives no useful information] 


Mass balance: dN,/dt = М 














d d : 
Energy balance: UNIES) -U, 20 +N, 9 -NHA NE. But, 
t ^ dt dt LANE ен 
Н= C(T - 1,) 
where 7, — reference temperature 
И = C(T- X) - ВТ = CT СТ, 
=> 
dN. ам. ат, 
— eg -0,) = T {O Tng Oh - CT, + С] zs N,Cy 
or 
. ат, 
NIC T. -СуТ;} ra NC (8) 
and 
к=) (Bh). BAI, № an 
dt dt\ RT, RT; dt RT, dt 


dL REN Th 9) 
dt БУ Ва, 


using eqns. (6) and (9) іп eqn. (8) 





R/Cp 2 
i Р, RT & 
№ СУТ + -Сұурь--МСу--а-М-М,Су-2---- 
Р, BV, P, dt, 








and using eqn. (5) 


3.35 (а) 








R/Cp 
мб Сод Р, Zu ай 
Cp B dt R dt 
or, finally 
рү" ав „ав 
-y| = y 
P dt dt 
jon ue ав, = -yp Fe аһ. 
dt dt 
Or 
pf рі 
ар, ар, 
‚| I 
] Р, RÍCy ! PAG 
=> 


25(Р/}Ү - (035®%/® = - [Lor - аад} 


=> Pf =3053 bar: using Eqn. (3), Т/ =6298К. 
Now using eqn. (1), Ту = 6119 К 


Finally, to get the total work, we do an overall energy balance (system = two tanks; adiabatic, closed, 
constant volume). 


М/И + М U% - NU, - № =W, 





w, = {PIV ev) ВИ - B.) 


- 2 (305503 +0.75)-14 x 0.3 -0.35 x 0.75} 


--3142 Баги? = 3142 x 10° J = 3142 kJ 
~63% sat vapor 
37% liquid produced 
Work in stage 1 473-290 = 183 kJ/kg 


Work in stage2 388-269 =119 kJ/kg 
302 kJ/kg 
—-— 302 
kJ/kg liquid N, = ae 816.2 kJ/kg М, produced 


M, = М; + Me 
Mb = Mss NE, 
115 = x-278 + (1— x)29 
x(278 — 29) +29 

_ 153-29 124 
* 7278—29 228 
— 0.502 fraction of liquid 





= 0498 = fraction vapor 


Enthalpy of stream before compressor 


Stagel 425-272 


272 
Stage2 ——2——5796 kJ/kg N 
865 04693 EEN; 


(as before) 
0.498A(0.1 MPa,125 K) +0.502 Н(01 МРа,135 К) 


= 0.498 x 278 + 0.502 x 290 = 284.02 kJ/kg 
Stage 1 463—284 = 179 


Stage2 119 
as before 179 +119 = 298 kJ/kg 
298 


<? = 5936 kJ/kg LN 
0502 ПЕ 


3.36 Note: be careful about coordinate system. A mass flow іп the negative x direct 15 negative! 
ні 
Lx 2-1-1-- Heat exchanger is : 
4— in steady-state operation 
АЁ 


Case I: Concurrent flow 
Mass balance on shaded volume 


mass in mass in mass in mass out 
element at - element =  atface — atfaceat 
time ¢ + At at time t at ш At L+AL in At 


0 - (M, - Мм) 
(steady - state) 


My Mya = M 
Energy balance on the shaded volume 


energy in energy in energy flow in energy flow out 
element  — element = bymassflow + Бу таѕѕ flow at 
at t At att at ш At L-4 AL in At 


energy flow in 
+ by heat flow 
in time At 


(steady-state) 


0- M,H,AN — My, ALB , А + ОЛАМ 
M(H pon -H,) = MO (Ta = Т,) = QAL 


dividing by AL , taking limit as AL — 0, and using subscript 1 to denote fluid 1 


. ат . 
МІС 27 =Q=x(T,-T) 


О = heat flow rate per unit length of exchanger. 
Similarly, for fluid 2 (other part of exchanger) 


. dT. . 
М,Сь, Эг --О--к(7,-Т) 


(М, апа М, are both + for concurrent flow) 
Adding the 2 equations 


dT, dT, 


МС = МС, — = 0 
Pla 2Р2 р 

From problem statement, М 1 = М, and Cp; = Cp, 
huh. d nip or 7; + Т, = constant = C 
dL dL dL 


and 7 =C-7,; 5, -C-1 
now going back to 








ат к к(С-21 
Г--5-(5-т)-50-28) 
dL MC МС, 
and integrating 
ШС-2У) 2% _ 2, МО 
С-21| MG L °” X 


TÍ =15°С, T =35°С, Tf =5°С, T =-15°C. 
Also, C= T/ 4 T; = Tf + Bf =20°С 
[i = initial conditions, conditions at L = 0; f = final conditions, conditions at L* where L* = length of 


exchanger] 
Using this ш equation above gives 





Lt (2-70 


n | = 15 = 1.609 
Lo 20—30 


And, more generally, at any point in the exchanger 


-2T(L L С L | L 
ла шин амс) шы 


T(L)- 025е -+o 
Ly 








Т,1)-С-1(1)- 10-28 -+c 
0 


Now writing an entropy balance 


0= M,S,At— M, ALS ALAS мм 


45.0 x(n-T). -k50exp(- L/ Lo) 
dL T Т 10--25ехр(-1/1,)- 27315 


need absolute 
T here 











45 x -50KL; exp(-L/ L;) d L 
M 28315-25ехр(-1/1)) (1 


€ 25exp(- L/ Lo) (=) 











P 283154 25exp(-L/L,) \ Ly 
> S(L) i: SQL -0)«C, ee шим 
308.15 
Case П Countercurrent flow 
M, - - M, 
. dT, 
MC, + = k(T, - Т) (1) 
: БО 100418 
. ат, 
M,C — = -«(T, – П) 2) SC E 
dL 
: ат, 
Мн =К(Е - П) (3) 


Eqn. (3) comes from eqn. (2) using М, =—M,. Subtracting eqn. (1) from eqn. (3) gives 


d 
Еее = constant = С = 30°С 




















T, = Т 30°С 
Thus 
927. 
MG GE = «(f - T) = -30 
dee qe 
MC, 
L OKL L 
i Satis ag ЖЕ y 
ГА МС, L, 





where Ly = + and the entropy balance 
K 


и“ 20 -к30 








dL T 1 
dS, _ -к30 
dL М(35-30к1/ МС + 27315 ) 


absolute 
temperature 
needed here 


d$ = —30KL, L 2 -15Ср L 
| М(30815—30к1/ МС) Lo 30815-15 L/L Lo 
DNO k 
20.54 — x 





> ÅD = $(0)+C, ці 0048 ^ | 


Summary 
Concurrent flow 


T= 1025 -Z ) 
Lo 

Т,= 10-25 2) 
Lo 


Su)» SL = 0)+ с, АСИ 


308.15 
Countercurrent flow 


L 
T 235-15— 
Lo 


L 
Т,-5-15-- 
Lo 


S(L) = S(0) - С, wi — 0.048 к 
0 








dU  . : dV. : dV dV 
3.37 (a — = W, + Q- P— = W, + Q0- R —- (P - P)— 
(a) mo REO T. ээ Эн лэ E 
and 
dS : 
eue ate 
dt 1 
Now let 
dV dV 
W = W, - P —- (P - P)— 
s ( is 
and 
| . : dV dU dV 
W.=W+R—=W. R)— > — =W, - R — 
u 0 t 5 ( 97, dt u Q 0% 
ог 
U,—-U, -W,* Q- R(V5 -V)) 
Q 
$75 m Э О f — T Sgen 
and 
U, -U,  W, +15, - S, - HS gen - Р - Vi) 
W, = (U, + ВУ, – Т8) - (Ui + ВИ – 1951) + ToS gen 
since 705. Z 0 
тах = A, – др, where A =U + PV – Т5 
(b) . . . . 
0-МН,- MH,*Q«*W; 
0= М5, -№5,+ 2-5, 
Е — D 
Here W.-W 


> W, = MH,-MH,-Q- MH, - MH, + MRS,- МТ,5,%1,5,, 


= W, = M(H, - Ту5,)— M(H, - 15.) + Т5, 
Since Seen 20 


gen — 


И," = M(&; - E) where B= H - TS 


(c) Using the Steam Tables we find 
i) at 30 bar =3 MPa and 600°C 
U = 32850 kJ/kg, 5 2775085 kJ/kg K, = 0.13243 тке 


А 


ii) 


=U+ PV - 15 
= 32850 + 1013 bar + 0.13243 т?/квх10? kJ/bar- m? — 298.15х 75085 
= 105976 kJ/kg 


at 5 Баг 205 MPa and 300°C 
Ü = 2802.9 kJ/kg, 5-74599 kJ/kg К, V = 05226 ш/ке 


А, = 2802.9 + 1013 x05226 x 10? – 298.15x 74599 = 631.67 kJ/kg 


W, =А, —А, = (631.67 — 1059.76) kI/kg = 428.09 kJ/kg 
This is the maximum useful work that can be obtained in the transformation with the environment 
at 25°C and 1.013 bar. It is now a problem of clever engineering design to develop a device which 
will extract this work from the steam in a nonflow process. 

(d) Since the inlet and exit streams are at 25°C and P=1.013 bar, any component which passes 

through the power plant unchanged (1.е., the organic matter, nitrogen and excess oxygen in the air, 

etc.) does not contribute to the change in availability, or produce any useful work. Therefore, for 
each kilogram of coal the net change is: 


0.7 kg of carbon 25833 mol of C 
+5833 mol of О, 
to produce 58.33 mol CO, 


also 


0.15 kg of water = 8.33 mol of Н,О undergoes a phase change 


from liquid to vapor 


Therefore 


М. = У (Хв) =5833х0+5833х0+8.33х (-68317 + 298.15х 0.039) 


7 п (carbon) (oxygen) (liquid water ) 


=-1976 kJ/kg coal 
MB = (ME) и =5833х (-94052)- 8.33 x (—578 + 298.15 х 0.0106) 


i (carbon dioxide) (water vapor) 


=-24858 kJ/kg coal 
урдах = —24858— (1976) kJ/kg coal = 22882 kJ/kg coal 


noe = 22 kW- hr/kg coal 2 7920 kJ/kg coal 


_ 7920x100 


Efficiency in % = = 34.6% 
22882 


Thus a coal-fired electrical power generation plants converts slightly more than 1/3 of the useful 
work obtainable from the coal it consumes. This suggests that it would be useful to look for 
another method of generating electrical power from coal . . . for example, using an electro- 
chemical fuel cell. Considering the amount of coal consumed each year in power generation, and 
the consequences (strip mining, acid rain, greenhouse effect, etc.) the potential economic savings 
and environmental impact of using only 1/3 as much coal is enormous. 


3.38 Assumptions: 
1) Turbine and pump operate reversibly 



















































































and adiabatically o 
2) No pressure drop across condenser and з Boiler |————— —3À 
boiler 
3) Only heat transfer occurs at condenser Pump — [e «МУ... 222222. Turbine 
and boiler | 
Location Path State Тес) Р (баг) ЙК] /ке ЯК /кек Von) /kg 
І superheated 1790 [20] 3917.4 7.9487 
уарог 
) AS =0 
2 superheated 67 ME 2623.2 222381 
уарог 
) P= 
constant 
3 60.1 251.4 0.8320 0.00102 
) А$ =0 
4 comp liq 60.1 [20] 253.4 08320 
) P= 
constant 
І 3917.4 7.9487 


[At each state the properties in boxes were known and used with the steam stables to find the remaining 
properties.] Now ready to answer questions. 
(a) Net work output per kilogram 


--(й,-8,)-(8,-8,) 
= -[(39174 - 26232) + 2514 - 2534)] = -12922 kJ/kg 





(b) Heat discarded by condenser 
= Й, — Ё, = 2514 - 26232 = 23718 kJ/kg 
(c) Fraction of work used by pump (%) 


_ (2514-2534) x 100 
-(39174 — 26232) 


= 0.154% 





(d) Heat absorbed in boiler = (3917.4 — 2534) = 3664.0 kJ/kg 
(е) Thermal efficiency (%) 


_ —Net work out 100 = 1292.2 x 100 


: х = 35.27% 
Heat in 3664.0 








Carnot efficiency (1100°С апа 15°С) 


Т-1, _ (1100+27315)—(15+273.15) 
Т, (1100 + 273.15) 


x 100 = 79.02% 





For comparison, Carnot efficiency (700°C and 60.1°C) which are the temperature levels of working fluid 
(steam) in the closed-loop power cycle 


_ (700 +273.15) - (60.1 + 273.15) 
i 700 + 27315 


х 100 = 65.76% 


which is almost twice as high as the actual efficiency. 


3.39 Three subsystems: unknowns T nt TÍ, ph TÍ, PÍ (6 unknowns) 
After process Pf = Pf = Pf (2 equations) 
Subsystem | has undergone a reversible adiabatic expansion 
AJ C, 
i ( pf 
> si =S}, ог Т/ = 12) (1 equation) (#1) 
1 

Subsystem 3 has undergone a reversible adiabatic compression 


-~N RJC „А/С 
: : 1 PÍ Р (Р! Р 
=» Sf = 53, ог Т = i = (2 (lequation) (#2) 
B B 
Mass balance subsystems 1+2 
о кл и BPV BV ui РИЙ 
We +N = мї+ Ni ре Шек 22/2 
п о Ч Б 
ог 








(0. /^| 1 1х 02 
(32 20 ai 5 _ 0017909 (1 equation) (#3) 


Tf Tf) 29315 29315 
Energy balance оп subsystems 1 + 2 + 3 
М ЩШ + № U3 + NUS = МШ + NUS + МИ 
TS сұлу» a сли = UE a epe apo 
P! (и «vf «уу )= nV, + BV, + BV, 


n В 











f . 
зал + 
ЕТ, 


but V, V/ + Vl =V, +V} +V =(05+025+025) 21 m 


pia 10x0.5+1x025+1x0.25 
i 1 


= 5.5 Баг 


using this result in eqn. (1) > p -25245К 
іп eqn. (2) -» Т) = 448.93 К 


УР TY 1 448. 
Vi -yi—-.--2025x——x pus 
Р/ T 55 293.15 


V/ =0.25х2- 006961 = 0.4304 m? 


= 006961 m? 





Now using Eqn. (#3) 








E yf }- | 05 04304 


+——— |= 0017909 = Т) = 337.41K 
25245 Т; 


Thus the state of the system is as follows 


Initial Final 
T, 293.15 K 252.45 K 
B 10 bar 5.5 bar 
T, 293.15 K 337.41 K 
P, 1 Баг 5.5 Баг 
V, 025 n? 0.4304 m? 
T, 293.15 K 448.93 K 
В 1 5.5 Баг 
V, 0.25 т 0.0696 m? 


Work done on subsystem 3 


Energy balance 


МО - NUS = = -[ Pav 











Р/Ү/ E РЇ б лб 

E сут) - т СУБ SE M T 
3 3 
Cp - R(pfyf рүү 

W = 5 (В/У; - РУ, = 3(55 x 0.0696- 1 x0.25) 


= 03984 Баг. m°? =3984 kJ 


3.40 For the mass and energy balances, consider the composite system of can + tire аз the system. Also gas is 
ideal for this system Q = 0 and W =0 


Бы u Bo Р» PVW PY, 
mass balance: Nj + Nf = NÍ + Nj Е. (1) 
Г у m m 


energy balance 
fot fof міту! i f Лу — pi i 
Ni Ui +N; U5 = МИ. + NU, > AV + PV. = AVY + Bly (2) 


(see derivation of eqn. (c) of Illustration 2.5-5) 
Also Pf = Pf = 2.6 bar(< 3) ; using eqn. (3) in eqn. (2) yields 


| PÍV + PÍV,- РУ, _ 26 x(4.06x 107) -1x 4x 107 


В ET = 109 27 bar 
JV 6x10 


To use eqn. (1) to get final temperatures, need another independent equation relating yd and D `. Could do 


an energy balance around tank 1, as in derivation of eqn. (f) of Illustration 2.5-5. A more direct way is to do 
an entropy balance around a small fluid element, as in Illustration 3.5-2 and immediately obtain Eqn. (e) of 
that illustration 


^ 





SVG, [Е . 
42-12 
T В 
Thus 
s pre 26 8314/30 
Т/ = Т| —— = 2 а ) = 104.69 К (very cold!) 
р! 109.27 


Using this result іп едр. (1) gives p = 30326 К. 


3.41 (a) System: Gas in the tank — system boundary is just before exit to the tank. System is open, adiabatic, and 
of constant volume. 
ам 





МВ: —-N 
dt 
Sc О 
dt 14 
=5 54М wy dS. Voces => NES 0066 scans (since N # 0) 
~ dt dt ~ dt ~ dt M 


Note: Gas just leaving system has the same thermodynamic properties as gas in the system by the “well- 
mixed" assumption. 
For the ideal gas this implies 


pj 
Һ-1|-- 
H 


8314/30 
(5) Т,-(02- mash рат | =13352К 


17.5 баг 
(c) System: Gas in the tank + engine (open, constant-volume, adiabatic) 
М.В. N,-N;-AN 


AN -— amount of mass (moles) that left the system 
E.B.: МЧ, = №0, = АМН „+Й; 


Note: H,, = constant, since gas leaving engine is of constant properties. 
Thus 


HW = NU, - NU, -AN Hs, 
= М0, i М(7,- М,Н + N; H ou 
= N,Cy - NC T, - № СТ + N;CpT, 


= МДС,Т,-Сү + М, АТ 


ut ш but Ty =F 


М, ТО л тэлэлт ЕН ИЕ 
295.15 Кх8.314х 10? bar- m"/kmol K 


f 


l reference temperature 
= СЫ(Т m T) 


H 
U = C,(T - 1) ЕТ, 


| see Eqn. (2.4- 8) 


PV 
Now PV = NRT > N = — 
RT 


3 
175 bar х0.5 т —03566 kmol 


1 bar x0.5 m? 


= LL C 004504 kmol 
13352 К x 8314 x10? 


W, = 004504[(30— 8.314) x 133.52 — 30 x 295.15]+ 0.3566х 8.314 x 29515 


(d) 


— 606.6 kJ 


Since W, >0, work must be put into the engine if the outlet temperature is to be maintained at 22°C. 
(Alternatively, heat could be added and work extracted.) 

We should check to see if the process considered above is indeed possible. Can do this by using the 
entropy balance and ascertaining whether Sen 20. 


gen — 
Entropy balance 
М,8,- №8, = (М; - NS. +5 


gen 





Т) Р | 
= М,Сь In—— - N,RIn——- МС, а СЕ 


out out out out 


But Т,, = 7 = 295.15К, and Ru = Р; = 1 баг so 


N,Cy1 5 Ao duc =s 
f C» жээ i Tp gen 


or 


13352 
Szen = 004505х 301п 
29515 





17. 
+ 03566х 8314 In =7414 КК 


Thus, Sgen > 0, and the process is possible! 


Similar process, but now isothermal: system = gas in tank and engine. 


EB: N,U,-N,U, = АМН +O+W, = (No - N; Hu, +O+M, 


| Q 
5.В: N,S,- №5, = ANS ++ Sgen = (№; = N;)S 


--ош 


T Sgen 


Set Sgen = 0, since we want maximum work (see Sec. 3.2). Thus 


3.42 


=ош 


О= I(N,S,- №,8,)- (№, - М,)Т8 
= ту (S, -$a]- ТМ,(8, =) 








Р, Р 
--N,TRIn + N; RT In— 


out out 


But Р, = u = 1 Баг and 


О = 03566х8314 х мм” -25046 kJ 


W,- N,U,- NU,- М,Н + Ni Hou -0 


1 —A0ut 


--М/ЕТ- NRT - Q-(N; - N,)JRT-Q 
RT  29515x8314 x10? 
= (03566 — 0.0204) x 8.314 x 29515 — 2504.6 = —1679.6 КТ. In this case we obtain work! 


a) For each stage of the compressor, assuming steady-state operation and reversible adiabatic operation we 
have from the mass, energy and entropy balances, respectively 


0- М, nt Ми ог M out = -М, --М 
0-М,Н,-М,Н, +7 ог W-M(L,-H,) 
апа 

0= M, Sn + Moun Sour or Siw = Sin 


So through each compressor (but not intercooler) stage, one follows a line on constant entropy in Fig. 2.4-2 
Therefore, for first compressor stage we have 


H,,(T = 200 К,Р = 1 bar) = 767 kJ/kg and 5„(Т = 200 К,Р = 1 bar) = 6.5 kJ/kg K 
Я ($ = 65 К1/ kg К,Р =Sbar) = 963 kJ/kg and T,,, =295 К 
Therefore the first stage work per kg. of methane flowing through the compressor is 


W (first stage) = 963-767 kJ/kg = 196 kJ / kg 


After cooling, the temperature of the methane stream is 200 K, so that for the second compressor stage we 
have 


H,,(T = 200 К,Р = 5 bar) = 760 kJ / kg and S,,(T = 200 K, P= 5 bar) = 5.65 kJ / kg K 
Н „(5S = 565 К] /kg К,Р = 25 bar) 2960 kJ/kg and 7, = 300 К 
Therefore the second stage work per kg. of methane flowing through the compressor is 


W (sec ond stage) = 960 —760 kJ /kg = 200 kJ /kg 
Similarly, after intercooling, the third stage compressor work is found from 


H,,(T = 200 К,Р = 25 bar) = 718 kJ/kg and S,,(7 = 200 К,Р =25 bar) = 465kJ / kg К 
Я „($ = 4.65 КЈ/ kg К, P= 100 Баг) = 855 kJ/kg апа Т„ = 288 К 
Therefore the third stage work рег kg. of methane flowing through the compressor is 


W (third stage) = 855 —718 kJ/kg = 137 kJ / kg 


с) 


b) 


Consequently the total compressor work through all three stages is 
W =196 + 200 +137 = 533 kJ/kg 


The liquefaction process is a Joule-Thomson expansion, and therefore occurs at constant enthalpy. The 
enthalpy of the methane leaving the cooler at 100 bar and 200 К is 423 kJ/kg. At 1 bar the enthalpy of the 
saturate vapor is 582 kJ/kg, and that of the liquid is 71 kJ/kg. Therefore from the energy balance on the 
throttling valve and flash drum we have 


Hi, = Н, 


ОШ 
H(200 К, 100 bar) = (1- х)Ё (sat' d. vapor, 1 bar) + хЯ(зага. liquid, 1 bar) 
423 Ed eai 

kg kg kg 


or 


where x = 0.689 is the fraction of vapor leaving the flash drum, and (1-x) = 0.311 is the fraction of the 
methane that has been liquefied. Therefore, for each kilogram of methane that enters the simple 
liquefaction unit, 689 grams of methane are lost as vapor, and only 311 grams of LNG are produced. 
Further, since 533 kJ of work are required in the compressor to produce 311 grams of LNG, approximately 
1713 kJ of compressor work are required for each kg. of LNG produced. 


As in the illustration, we choose the system for writing balance equations to be the subsystem consisting of 
the heat exchanger, throttle valve and flash drum (though other choices could be made). The mass and 
energy balances for this subsystem (since there are no heat losses to the outside or any work flows) are 


М; = М; + Mg or taking М, = 1 and letting x be the fraction of vapor 

1= (1-х) +х 

М.Н, = М.Я; + М,Н, 

1-Й(Т = 200 К, P = 100 bar) = х: Ё(Т = 200 К, Р = Lbar) +(1- х): Ê(sat'd.liquid, P = 1 bar) 


423 E. —‹.718 а 23 
kg kg kg 


The solution to this equation is x = 0.544 as the fraction of vapor which is recycled, and 0.456 as the 
fraction of liquid. 
The mass and energy balances for the mixing of the streams immediately before the compressor are 


М; + М, = Мы then basing the calculation of 1 kg of flow into the compressor 
M, = 1, М; = 0544 апа М, = 0456 
However, since both the recycle vapor and the inlet vapor are at 200 К and 1 bar, the gas leaving the 


mixing tee must also be at these conditions, so that the inlet conditions to the first compressor are the 


same as inthe simple liquefaction process, and H ie тв, Also, all other compressor stages 

8 
operate as in the simple liquefaction process. 
Therefore, the total compressor work per kg of methane passed through the compressor is 
W = 196 +200 +137 = 533 kJ/kg of methane through the compressor. However, each kg. of methane 
through the compressor results in only 0.456 kg. of LNG (the remainder of the methane is recycled). 
Consequently the compressor work required per kg. of LNG produced is (533 kJ/kg)/0.456 kg = 1168 kJ/kg 
of LNG produced. This is to be compared to 1713 kJ/kg of LNG produced in the simple liquefaction 
process. 
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3.43 (also available as a Mathcad worksheet) 


Problem 3.43 with MATHCAD 





, 3 

Баг:- 101300-Ра — mol := 1 RE:=8314J™ RG :=0.00008314 2 2 8" 

mol-K mol-K 
Heat capacity Cp :=2.5.ВЕ 
Initial Conditions (Vt=total volume, m^3): Т!:=298.К Pi :=400-bar Vt :=0.045 m 
Find initial molar volume and number of moles м:= RG Ti М = 6194-1 0? T 
Start with initial guess for volume, m^3/mol Pi 
Initial molar volume and — 194.05 .m? NE — Nz726518-«mol 


number of moles Vi 


Final pressure is 1.013 bar, and final temperature is unknown; will be found by equating the initial and final 
entropies. Guess final temperature is 200 K 


Pf:=1.013-bar Т:=50:К Sp ROT 
Pf 
Solve for final 
temperature using Given T Pf = 
Final temperature Tf = 26.432 *K 
w -IRECTH- тї): W --2461*109 =јоше 
WwW 
TNTeq :=- |j ——————— — TNTeq - 0.535*kg 
4600000200 





kg 


3.44 (also available as a Mathcad worksheet) 


S44N2 missi — RR:-831410? 


Note that in the 1st and 2nd printings, carbon dioxide was used as the fluid. This gave 
unreasonable answers when this problem was revisited with the Peng-Robinson eqn. 

of state, as both the initial and final states were found to be in the liquid state. Therefore 
from the 3rd printing on, the fluid has been changed to nitrogen. 


Heat capacity constants for nitrogen 


Ср,:-28883 | Cp,:--015710^ | Ср,:-0808410” Cp, :-- 2871-10? 
Ti := 298.15 Tf := 100 
Given 
Tf 
2 3 
(cp + Cp, T + Cp, T“ + Ср T) 
0 1 2 3 dTER In 1.013 
T 140 
Ti 
Tf :- find( Tf) Tf - 72.054 


140:3.1416-(.01)?.06] 


Number of moles = М = PV/RT N | М= 0.106 moles 
ВК.298.15 


тї 
уу =) (co, Cp, T Cp, T^ + Cp, T°) dT 


Ti 
W = -695.114 јошеѕ 4600 J = 1 gram TNT 
-W 
Grams of TNT = G:=—— G=0.151 grams of TNT 
4600 


3.44CO2 В:=834 RR:=8314-10° 


Note that in the 1st and 2nd printings, carbon dioxide was used as the fluid. This gave 
unreasonable answers when this problem was revisited with the Peng-Robinson eqn. 

of state, as both the initial and final states were found to be in the liquid state. Therefore 
from the 3rd printing on, the fluid has been changed to nitrogen. 


Heat capacity constants 


Cp0:=22.243 Ср1:=5.977:102 Ср2:=-3.49.10° Cp3 :=7.464-10° 
Ti := 298.15 Tf :=200 
Given 
Tf 
2 3 
(сро+ Ср1-Т+Ср2.Т^+ Cp3-T ) атаа 2 
T 140 


Ti 


Tf ‘= find( Tf) Tf = 79.836 


140-3.1416-(.01)2-.06 | 


Number of moles = N = PV/RT N zl М= 0.106 moles 
ВК.298.15 


To calculate work done (energy released), we need the internal energy change. Therefore 
Cv = Cp- К 


Tf 
Ww exf (сро- 83144 CpLT + Cp2T°+Cp3 T)) aT 


Ti 
W =-555.558 јошеѕ 4600 J = 1 gram TNT 
-W 
Grams of TNT = G:=—— G=0.121 | grams of TNT 
4600 


3.45 25bar =25 MPa; 600°С 
И = 36863 kJ/kg; $=75960 kJ/kg К 


1 bar 100°C $=73614 
150 $=7.6314 

А-027 1311 

—T-14344 C 


Н = 27164-131- 27633 kJ/kg 
W = -36863+ 27633 = -923 kJ/kg 
-16614 kJ/mol 
(ideal gas = -16830 kJ/mol) 


Actual work 784.55 


dU T IRN CARE 
—=0=M,(H,- Hj) Q- P——4W, 
dt it 1 2) Q dt 5 





Hc T = 36863 — 784.55 = 290175 
1 


Final state P=1 bar ; Й = 290175 
Й(1 bar, 200°С) =28753 ОЕ 
И(1 bar, 250°C) = 29749 Ж. 
290175- Ё(1 Баг, 200°C) = 2645 
Т=200+—2°-2645= 21328 

996 
$(1 Баг, 250) = 8.0333 
$(1 Баг, 200) = 78343 
$(1 Баг, 213.28) =7.8872 


45 M5 8 . 

—=0= M(S, —S,)+ Soon; 

dt ( 1 5) gen 

Sgen e e 

7 —8. -$ = 78872 — 75960 = 02912 kJ/kg К 


52416 kJ/kg К 
(ideal gas — 5468) 
PR: Т=600°С; P=25bar 
Н = 216064 x 10* 
S = 14.74377 


Now Р-1баг, 5 = 1474377. Guess Т = 213°С. 


Т 5 Н 
213 19.67116 7271.95 
150 14.74399 5034.86 


W 
руды 503486- 216064 = -1657154 J/mol 


Actual work = Н, = 752059 


Т $ Н 
213 19.67116 7271.95 
230 20.90787 7883.64 
220 20.18472 7523.41 

219.9 20.17742 7519.80 
219.92 20.17888 7520.53 


S =20.17888- 14.74377 = 543511 


From simple statics the change in atmospheric pressure dP accompanying a change in height dh is 


dP = -рейй 


where pis the local mass density and g is the gravitational constant. Assuming a packet of air undergoes an 


altitude change relatively rapidly (compared to heat transfer), the entropy change for this process is 


R : : 
48-24Т-2ар- 0 since both О and S. 


gen equal zero. 


Combining the two equations above we have 


23 R R RN M 
-Рат=—аР=--— pgdh = — — — Mgdh =-—— gdh 
T P phe py p^ 
o oder 

dh Cp 


ат K dT 
For dry air — = —9.7—. Note that — is referred to as the adiabatic lapse rate. 
dh km dh 


Also, its value will be less than that above as the humidity increases. 


In fact, if the humidity is 100%, so water will condense as the pressure decreases, the adiabatic lapse rate 
will be almost zero. 
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41 Using the Mollier diagram 


-(9) - (27) 2 (510 — 490)°С 
шэг н \APJy (1241х107-7929х10 Ра 
= 4.463 x 1079 °С/Ра = 4.463°С/МРа 
ƏT AT (510 — 490)° C 
Ky = — = | — и. 
9Р5 \АР/; (L069x10! -9515x10*)Pa 
-1702 x10 ?* C/Pa = 1702? C/MPa 
(9Н/98), _ Ә(Н,Т) " 9(5,Р) _ Э(Н,Т) o(S.P) 
(ән/95), 9(8,7) Ә(н,Р) Ə(H,P) 4(8.7) 
0(7, Н) 9(Р,5) u 
= x =e 
9(Р,Н) 9(Т,5) к; 








= 0262 (unitless) 


4.0 (a) Start from eqn. 4.4-27 


V 


H(T, P) - H*(T,P)- ВТ(2 –1) + ] ЦЭ -Plr 
ГА 


Кат 
- tt) [52 сы... НИЕ 
V-b y?«aby -b° «ӘТ V-b У? +25 -b° 


H(T, P) - H(T, P) 


у 
=RI(Z-1)+ | т E ды dajdt s АИ а(Т) АТ 
о SO И X95 b “Бар gets -b ] 


da ^ dV 
=RT(Z-)+|a+T—] | —— = 
ат) L V? + 2bV -b 


From integral tables we have 


2а’х+ b' - Nb? -4ас oy 9 
for 4a'c' — ^ «0 
2a'x4 b - Nb? —4a'c' 


| ах 1 


, 2 , , = In 
ах +bx+c 4p? дае 





In our case a’=1, b’=2b, с--д2: so 4a'c' -b° = 4-1-(-b*)-(2b) --85 and 


f(b’)? —4a'e = ВВ? = 242. 
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Н(Т,Р)-Н'°(Т,Р) 
(a - Tda[dT) , 2V + 2b- 24/25 2V -2b - 242b 
= ЕТ(7 poe eg zi 
ы 24b "AV 426+ 2b, OV 2b Ы, 
= RT(Z-1)+ (а-Таа/4Т) | у+(1-2)ь -У?)» 
242b V «(1-42)o 


or finally 


14 42)B 
H(T, P) -H*(T,P)- RT(Z - + шилэн a), ++ 2)8 
ДЕРЕ J2)8 


(b) This part is similar except that we start from eqn. (4.4-28) 


V 
S(T, P)— 8 “(Т,Р)-Еш2- | (2) -Èu 
S(T, P)- S'S(T, P) 2+ f - Ele 


-RInZ4 1 55 з 2 


-|Z-b У+2-Ь 


ү-(1-0)Г 

а + 4 da/dT | 
S. un = 19 
эг ашшы 
+(1 47 )в 


< 
х | 





= RIn(Z - B) 








ap) || 9 
43 Start ith . (42-21): dU = Суат +| 1 ——| -P dV. Th —| -Су; 
art wi eqn. ( ) О = Су H7] y us ($7) ү 


8-4 е 
БАБЫ) 


(а) Ideal gas РУ = RT 


(57) -Р=05(55] (58) 
oT у ӘТ p oT " 


(b) van der Waals gas 
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| Т Ez 
Q-b в 


ЕЗ _ RIV —b) № 
>| —— = = 
Әт), ЕТЙҮ-Ьу'—2а/у? 
(G pore 
әт), (әт), |vrkv-b|-Dat -b)/RV] 


22 aRV( - b) 
КТУ -2a(V – by? 
(c) The Virial Equation of State 











PV B, 
—==1+—+—+...=1+) 8 
RT E a 1-1 и 
ВТ B;RT 
or Р---- : 
2 2 yi* 
Note: This is a total 
oP R BR RT (dB, ME : . 
— | =—+ + —| —— |< derivative, since В, is 
ОТ), V жу ж 2 а : 
=? 56: аы a function of only temperature 
ӘР RT dB 
> Т——|—-Р= - 
EJ iy^ ФТ 


Also need (OV /ӘТ) p, but this is harder to evaluate alternatively. Since 


(8) Sr) (55), 7 8], "tanen 


ӘТ), (ӘР/ӘР), 


P) 
—— | is given above. 
ЭТ), 


Ша зан EEE 
oy 3 = y? 23 ye 
= (ах) _ of вру У [вате] уда yan Ш 
T iar V+ Yo өвөг | 
i-l 
Using ‚== P-P we get 
— ы K 


av) V[P*Y(mr/v" yas/a mr) 


(52), P+ BRT] 


and 
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(32| -(52) ав, | P2 Y (ети (ав ат) 
әт), (ӘТ), “Vi dinT P+ iBRT/V"! 


4.4 (а) Start from 


-td |96098) 


88) о-у 


TP 
V V f 
(b) шон = HC»; integrate (4) 44 = | HG dT. 
ƏT j T Тот,» «Ттр рр Т 


E 











Thus И(Т,,Р)- UT, P) eT, 1 
Т 


38) RT 2а 
cou | oe ет 
т Ф-Т 


Әу? А (7-5) Ги 


at the critical point Р > Р,, T T. and V > V. 





Еа ЕТ, 2а 


ӘР ), Vo-by Vi 


ЭР 2RTc 6a 
av), им 
— /T (Ис) 26 


1 
Dividing (1) by (2) > 7(F с-0=5 -y LI from (1') 





аш LRT | (ЗЬ) RTe 27581. _ NWcRTo 
XV.-by 23Ь-Ь’ 8 8 


Also — = —— А < Е ш га L 
RT V- b ЕТУ 27b(2b) 9b 27Ь 








7 te Ve а _ Fg (Ус 
€ кт И ЕТУ ОУ. А 
23.9.3 _ 0375 

2 8 8 


0) 


(2) 
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4.6 as- Фат-| 20) ар [eqn. (4.2-20)] 
Р 


Т ӘТ 
Ср К 
For Ше ideal gas d S = 4 Т- = dP. Thus, at constant temperature 


4(5-59)- 2425) іш апа 


_ «1б E: -(0)-516 =0)| = ( R [9H 
be n-ste rp fron soo-o]- | {#-[дЕ) la 


Р-0. Also 


However, 5(Т,Р-0) – 519(7, Р-0)-0, since all fluids are ideal at 


PV = Z(5, P)RT . Thus 


ен | 
p P эт }Ь 


ƏT 
and 
R (ov R RT( 92 
—-|—=| ---4ЖТ,Р)-Ц---|-- 
Р (22), Р! Е zar 


TP 
= S(T, P)-SS(T,P)=-R | zL raz) p 
E 7 P P\ƏT); 


T,P-0 
в T Дала 122) he 
T,,P,=0 r r "2Р. 
47 (а) Ideal gas 
РУ = МЕТ 


(50 bar (100 m?) 
М = Е 5 = 142.1 kmol 
(273.15+ 150) К х 8314 X 10^ bar. m /кшо! к 
Energy balance, closed nonflow system 


AU - Q- | PaV = Q«W. 
However, for ideal gas AU = 0 since T is constant (isothermal). Thus 


W--Q- - Pav = 52) - -NRT In = -NRT In. 
V V, Р, 


-1421 kmol x8.314 J/mol K х (27315+150)х ш 4) 


= 895.9 x10? kJ = 8959 MJ 
0--8959 MJ 


Also, by Ideal Gas Law at fixed Тапа N 
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8 
BY, = ВИ SY =. 


100 m? x 1667 m? 
» 300 


(b) Corresponding states 














Sess 


0.4 


24 


cal 





mol K 


IG 
T. Р, 7 H'-H 
Te 
haige 1505249 pip Бо «QU 207 
7376 
. 300 
final state 1.391 -----4067 0.765 45 
73.76 
cal 
mol K 
PV 1421 PV 
Number of moles of gas = N = —— = —— = 1512 kmol (142.1 = — from above) 
ZRT 094 RT 
Final volume = V, - 2м 
P. 
f 


|.0765x1512x8314 x 10? x (273.15 +150) 


300 
Energy balance on gas: AU=Q+W 


21356 п? 


Entropy balance on gas processes in gas are reversible: AS = 2, Sgen = Sgen =O. Therefore 


45-2 ог Q= TAS 


A$-5,-S- м5, -5) = №5, -55)+ (S? - $9)-(s,- 59) 


=a 


P. 
- ШЕТ х4184—8.3141п e (-04 х ым) 


300 
= nd -8.368 —8314 ns} = -2326N J/K 
О = TAS = (27315+150)x 151.2 kmol x (—2326) = -1488.5 MJ 
и=ли-0=ми,-и]-0=мМНн,-н]-Мри,- ВУ ]-0 


IG IG 
= fx CELL g IG д ы ) 
Tc 0 € 


Since process 


—! 


is isothermal. 


304 2(—45 — (-07)) x4.184 — 8314 
x(273.15+ 150) x (0.765 — 094) 


-1512х101-48365--6157| + 14885 MJ = –6382 + 14885 MJ 
= 8503 MJ 


= 151.2 kmo |н MJ 


(c) Peng-Robinson E.O.S. 


-Z4RT, + ат) -Q 


Using the program PRI with 7—27315, P=l1bar as the reference state, we obtain 


T=150°C, P= 50 bar 


Z 209202; V 206475x10? m?/mol; Н = 470248 J/mol; 5 = -1757 J/molK. 


T =150°С, P = 300 bar 
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Z =0.7842; V=0.9197x10* m*/mol; Н = 6009 J/mol; 5--4124 J/mol. 


y 100 т? 
= 15444 kmol 

И 06475 х107° m?/mol 
О = TNAS = (273.15+150) x15444 x (4124 — (-1757)) = -15469 MJ 


W = AU-Q=(H- PV),-(I - РУ), – О 
= Na- 75, -ar- РУ),]-О 
—6009 — 300 x0.9197 x 10 








= 154.44] x10 J/bar-m?—470248 — |x10? 1546.9 x105 


450x0.6475x 10? x10 


—88525MJ 
(Note that М, О and Ware close to values obtained from corresponding states. } 


4.8 
ЭР). APS) Ә(Р,Т) 9(Р,8) 9(5,РУӘ(Т,Р) 
_ —(95/9Р), = (OV [0 T), = Vor 


(38) _ Ә(Т,5) 9(7,5) Ә(Р, Т) | 9(5,ТЭ/Э(Р,1) 
5 





“ДӨВӨШ E Q 


апа 


к; _ (/У)ӘУ/аР?, 90/,5)/Э(Р,5) 90.8) Ә(Р,Т) 


x; (/уХәу/ағ), Ә(У,ТУд(Р,Т) ЭТ) Ә(Р,5) 


_9(5,/) 9(Т,Р) (98) (97) Су T Су 
7 Ә(Т,У) Ə(S, P) | 195), т с 














oT 











та _ Э(Н,Т) Ә(Н,Т) 9(Р,Т) -(24) (2) 
T T 


49 (a) (24 = = == 
ӘУ), Ә(,Т) Ә(Р,Т) ӘТ) (ӘР), 


Since (22) + 0 (except at the critical point) 
T 


ее 





(b) (25) -En аа ae (37) 
ЭР Р Р Р 


Э.Р) Ә(Т,Р) Q(V,P) (ƏT), (ӘУ 


237. ы CTY 9% ƏS) ы 
K. Р Р 


ту ar), Deran, Tro (Әр 


4.10 (a) We start by using the method of Jacobians to reduce the derivatives 
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эт) _ә(т,н)_Ә(т,н) Ә(т,р) e(ry) 
ӘУ), Э.Н) Ә(Т,Р) Ә(Т,У) Ә(У,Н) 





_Ә(Н,Т) Ә(Р,Т)/Ә(У, Т) _ (32 (ЭР/9У), 
9(P,T) Ә(Н,У)ЈӘ(Т,У) ХӘР), (ӘН/ӘТ)), 


" OQ HJOV), 
_ (ант), 


Now from Table 4.1 we have that 


бе) кэт), (BE), e eG, 


alternatively, since H =U + PV 


aH) (3U) (APD) _ с fa 
(эт) " Lan)" ƏT ЕЭ 





Thus 


эт) _-(әр/әй),[у-т(ә/әт)„] -[ver/av), + ТО pan), | 
(ar), (00 СҮНЦӨРдТ,  с/-уор/әт), 


OP) (ӘР ӘР 
Note: І һауе used | — | | —=| = –| —— | . 
oV л oT Б ӘТ Y 


(27) _ 9(Т,5) _ ӘТ,5) ӘУ,Т)_ Ә(5,Т) ATV) 
5 

















OV), 90.5) 90.905 Эл ASV) 
128 (2) -- (22) 
Әу 95), | Cy T), 


(b) For the van der Waals fluid 


ES z 8 (22) -I 24 
ЭТ), V-b’\aV), (у-ы y? 





Thus 


ar) -[arm/e -»y +2a/v7]+ nr - 0) 
бул a EH ийн 


after simplification we obtain 


ar) | -pav-» – туь] 
sr], “ GV —bY Y? + RV - b? 
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and 
Es __ АТ 
ӘУ); С-Б) 


4.11 There are a number of ways to solve this problem. The method I use is a little unusual, but the 
simplest that I know of. At the critical point all three roots of V are equal, and equal to Ус. 


Mathematically this can be expressed as V-V.) =0 which, on expansion, becomes 


ИЗ -VeV +З -VL = 0 (1) 


compare this with 


RT a RT a 


which multiplying through by the denominators can be written as 
RT 2bRT ВТБ? ab 
y? ПАСЕ «o DLL pau... 129. (0) 
P P P P 


Comparing the coefficients of V in Eqns. (1) and (2) gives Т, Б. 


RT, 
үу: p-——--W. (3) 
К 
V арц 22816 d шарх (4) 
Е С 
р. АТС ab ys (5) 
£ P. Bv 
From Eqn. (3) 
О С ау: ог ОД УА (6) 
ЕТ RTc RTc 
: 1-у 
For convenience, let у = 1- 34. or Zo = 3 Then 
РЬ 
с ly 
RT, 


From Eqn. (4) 
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2 
44.85 - + ae -az 
RT ЕТ) (ЕТ) 











= -3y? +2у+ ee 
(RT) 9 
or expanding and rearranging 
ав 1 2 
RF 241% +4у+1) (7) 
C 


Finally from eqn. (5) 





(#) (2) (2 а \__» 
КТ, КТ, кт. A (RT) 5 
1 1 
?4 y? —y- (1032 +4y +1) =-—(1-y)° 
у Оу 5c d) 
Or 
64y + 6y? +12у-1=0 (8) 


This equation has the solution y = 0077796074 


= р = 0077796074 T (from Eqn. (6)) 
C 
2 
RT, 
a = 0457235529 ш. (from Eqn. (7)) 
C 


1— 
Also Zo = x = 0307401309 . 


Note that we have equated a and b to Т. and R, only at the critical point. Therefore these functions 
could have other values away from the critical point. However, as we have equated functions of У, 


we have assumed a and Б would only be functions of 7. Therefore, to be completely general we 
could have 


RTA (T 
а = 0457235529 «от 


C Тс 
b = 0077796074 А ГС г 
С Тс 


: Т Т T; T 
with © — |—1 as — 1 and В — | 1 as — 91. 
Tc Te Te Te 


In fact, Peng and Robinson (and others) have set В=1 at all temperatures and adjusted О as a 
function of temperature to give the correct vapor pressure (see chapter 5). 


4.12 (also available as a Mathcad worksheet) 
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ам... А | 
М == М+ 209 №, =-М 
„>з. dU : 
ЕВ. SE CONUS OS Sane, 
0 dt == NG Aa x 
Also, now using the program РКІ with T = 27315, Р = 1 bar reference state we obtain 
T = 100°C Т = 150°С 
P = 30 bar Р= 20 bar 
2 = 0.9032 Z = 0.9583 


V =0.1686x 10? m?/mol 
H = 6796.06 J/mol 
S = —4.68 J/mol 


V = 09340x10° п?/то1 
H = 3609.72 J/mol 
S = -1584 J/mol К 


9 = 679606 — 3609.72 = 318634 J/mol 


N 


4.13 (also available as a Mathcad worksheet) 
Since process is adiabatic and reversible AS =0 or 5, =$, : i.e., 


5(310К, 14 bar) = S(T =?, 345 bar). Using the program РКІ with the 7 = 27315 К and P=1 
bar reference state we obtain T=310K, P=14bar, Z=0.9733, V = 0.1792 х107° m? / тої 1 


Н-109083 J/mol and 5 = 15.75 J/mol K 
By trial and error (knowing P and 5, guessing 7) we obtain Т=34191К, Р = 345 bar, 
Z=09717, V = 08007 x10* m?/mol, Н -188609 J/mol, S 21575 J/mol K 


= T, = 34191K. 
System = contents of compressor 


ам : Y : . 
М.В.: ae NENT жа 


volume of 
compressor 
К constant 
adiabatic 


dU | : . А 0 
ЕВ: ——=0= МН, + NH, + p? + -Р Z 
: dt 


| Й, 
W; =-N,H,+N,H, or —=Н,-Н, = 188609 – 109083 = 7952.6 J/mol 
= uni N 


Р V 
414 а) | Ро (ИБ) - RT == ——-— 
V RT V-b RTV 











| АРК, V a 
1) lim —= = | ——- = 
P30 RT r—V-b КТУ 
V ee ex E 
PV у а 
i) В= lim 22-1) = lim Ae 
P30 “RT уэе |V -b RTV 
yo x El 


. V —(V —b) a . bV a a 
= lim 1—————- = lim4———-——;2b-— 
(V — b) RIV) vo«((f-b) RT RT 
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= _ 2 
lii) C= lim Y^ А Баг lim И. ды = lim уа 
RT Vj roe- V -b үэе у -b 


25. 


>С =? 


(b) At the Boyle temperature: шиг Ж d 02 B-0 


a a ӘР RI. V. 
0-5----, Tg =— buta= = (Eqns. 4.6-3а) 
ЕТ» R, 
9/8V RT, 27 
p——————-—JT-3375T. 
ВУ. [3 8 


4.15 (а) From table: 7, ~ 320 К ie, В(Т,) = B(320K) =0 


(b 


(c 


хи 


хи 


The inversion temperature is the temperature at which 


ES ко v- (2E 
ӘР), eue T) 


(27 ә [= | R dB 
АВЕ 
Р 





ЭР), OT P P ат 
pog АК ВТ GAP аар ee 
= (ƏT), P P ат dT 
dB 


Thus, 777 is the temperature at which 8-7 С 0. 


Plot up В vs. T, obtain dB/dT either graphically, or numerically from the tabular data. I find 
™ ~ 600K. Also, dB/dT decreases with increasing temperature (16. 


аВ/аТ ~ 456 cm?/mol K at 87.5 K and 0.027 сп? /тої К at 650 К. Presumably it is negative 
at even higher temperature!) 


Generally 
2 ара e --0-(8-158 
ЭР н С [7 ОТ /, Cp ат 


; dB 
Using the data in the table it is easy to show that for T < T™ , В- ie «02 ц>0, while for 


i B 
T>T™, в-т280-» uxo. 
dT 


Since Fig. 2.4-3 for nitrogen is an H-P plot is easiest to proceed as follows 


ar Ei _ HJP), 
ae (9.ИЈӘТ),(ӘРЈӘ Н), H/T, 


Since (ӘН/ӘТ), = Ср is > 0 and less than œ [Except at a phase transition—see Chap. 5 and 
Problem 5.1—however, u has no meaning in the two-phase region], if (d7/dP) н 18 to be zero, 
then (dH/dP), must equal zero. That is, an inversion point occurs when isotherms are parallel 


to lines of constant H (vertical line). This occurs at low pressures (ideal gas region) and at high 
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pressures (nonideal gas region). See, for example, T = —200°C isotherm near 30 MPa (which 
15 off the figure). 
To identify the inversion temperatures of nitrogen we can use Fig. 2.4-2b, a temperature- 


entropy diagram. From part a of this problem we note that at Т m 


v= r= (95 = p=-r" (22) 
= OT)» ӘТ jp 


Thus at each inversion temperatures Т ШУ we can find a density (or pressure) for which this 
equation is satisfied. Unfortunately, it is difficult to read the figure. 
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4.16 18kg;V- = 1667x107 m?/kg . Using Fig. 2.4-2 we find P= 91 bar 





003 т? 
18 kg 
Using the program РКІ, with T = 42315 К and V 21667 x10? m'/kg, we find, by trial-and-error 

that P = 108.0 bar . 


4.17 Using the program PRI we find at 300°C and 35 bar; 2 =0.6853; V=09330x10° m°/mol ; 
Н = 21033 J/mol = 21033 kJ/mol and $=706 J/molK . 


To use the principle of corresponding states we will assume the state of T=16°C апа Р = 01 bar 
is an ideal gas state (i.e., don't need corrections for nonideality at this condition). At 300?C and 35 
bar we have 


T. = 300 +273.15 — 10302 
283.2 + 273.15 


r 


B -—5 076754 

456 
We find 2= 071; (Н9- н) /те - 837 J/mol; 59 -$— 7113 J/molK. 
From Appendix II 


Cp = 22.243 + 005977T — 3499 x 10?T? + 7464 x10? T? 
573.15 





AH = |С,4Т-11910 J/mol 
28915 
57315 A* 
С 35b 
А59- | Zar- кщ - | --20386 J/mol K 
28915 0.1 bar 


Thus 


Н(Т = 300° C, 35 bar) 
Н- Hs 
= H(16 C, 0.1 bar) АН! + шэн 
C 300°С, 35 bar 
=0+11910- (2832 + 273.15)(837) = 7253 J/mol 


S(T = 300? C, 35 bar) = 0— 20386 — 7.113 = 27499 J/mol K 


0.718.314 x 10? x 573.15 


-09666x10? m?/mol. 
35 


Finally PV = ZRT ; V = 


4.18 Equation of state Р(У-Ь) = RT 


ӘР R P (ƏV) в V-b ӘР Р 
(а) --| ------;|--і| =—= ; and | — | «---- 
Эт), V-b T ' (ƏT), P T Әу), У-Ь 


Thus 





sco et a =Cy+T* же, 
P V ҮҮ РТ © 


for С,(Р,Т)- СЕТ), we must have that 
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дс, zc 9 = 
ЭРЭ, ӘТ? ), 


2 
ov mee E] SE: £295 СУ(Т, Р) = СХТ) 
ƏT’), OT) ӨТ)» OT |p P 


2 
Similarly, for Су(У,Т) = Су(Т) , we must have that 88 - (2) =0. 
——T y 





oT? 


o Pics (ӘР), 9 HS abes У) = С(Т) 
Әт? }, ƏTALƏT), OT V-b | цаасан 


(b) First case is clearly a Joule-Thomson expansion => Н = constant 


(ат) E eB 
ӘР), G ƏT), CLP P C 


Since C, is independent of P, integration can be done easily 





T, 
[сы)ат= -0(P, - В) 


Т 
to proceed, we need to know how C, depends on T. If С, is independent of T we have 


b 
1,-1---(Һ-8) (1) 
Cp 
Бап. (1) also holds if Ср is a function of T, but then it is the average heat capacity over the 


temperature interval which appears in Eqn. (1). 
The second expansion is at constant entropy (key words are reversible and adiabatic) 


ar)  QspP, (Урт, rm dr бар 
е з Cp/T apr J 


7 P, 


If C, is independent of T, then 


P R/Cp 
Т, = 15 (2) 
1 


more complicated expression arises if Cp = СыТ). 


4.19 (also available as a Mathcad worksheet) 
General: 


mass balance: Ni = № +Nf (1) 
energy balance: NjU = МИ! + МОЈ (2) 
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state variable constraints: T/ = Tf =T; P/ = Pf =P!;V,=V, ә 0/ =U} 
(a) Ideal gas solution 
Eqns. of state: РУ = NRT; U = QT - C,T, 
i f 
From M.B. get: A = BE 


"n Tj 


| Toe 
From Е.В. get: T/ 2 T/ =T} =T =20°С; P! =Z № = 250 bar. 





(b) Corresponding states solution 
РУ = ZNRT or PV = ZRT 
U(T) = u'S(r)4 (u -u'*a) = u'S(r)4 (н-н%) - PV + (ууд 
= UT) (н -н'в) +0- zi ev) 


= Ur) (H8 - H^)-Q0-ZRT 


From the mass balance 





р! 500 x 107 рї f 
i = Эа opcre 6990 X TOU! 
ZT (20-27315)х122 ИТУ 77 Tf 
where we have used 
| 20+ 273.15 5х 107 
Zi = Z| Т, =———— = 1538, P. = 1077 | =1.22 
190.7 4.64х10 


From energy balance 
NiU; = МГИ +Nf U} = (М+М) = (м м) > vu! =U! 
where we have used the fact that Uf = us . Since Т) = D and р? = pr . But 


U;-U;-0-U"(r')-u"(r)«(u-H") 
+@-ЖКТ|у pr - 0- Z)RT ys 


4 
ТЇ pf (н — 7т,рі 


р! 


апа 


и'°(т^)-и'(т') =с,(Т^ – т) = 2725 J/mol K (T^ – 29315 K) 
(H-H'°) |, =-180x 190.7 = 34326 J/mol 
ML T,P 
(1- Z)RT|pi pi = -022x8314 x293.15 = -536.2 J/mol 
= 0 = 27257; +293.15{-27.25+0.22 х8314} 4180x 190.7 + (H-H'®) 


+(1-Z)RT |p. pr 


T! pf 


27.51, + HS ea +(1-Z)RT|pr pr = 4,021 (1) 
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To be solved along with 


в. = 6.99х10* 2 


I found the solution by making a guess for ТЇ, using eqn. (2) and Fig. 4.6-3 to find РЇ, by trial 


and error. Then, guessed Т/ and computed P/ were tested in eqn. (1). Solution found: 
~ 237K =-3619C; P/ ~1011x10 Ра = 10LI bar . 
(c) The van der Waals gas 


i jl 
We know that: U' =U f and у‘ = 25 . To evaluate the final temperature we start from 





у/ 
ат-(911 ay (9T) aus rf тўао = | Sr ae 
ӘУ), au), Бала Vi OV Jy 


but 





ЕЭ _(ӨШ/ӘУ), | ТӘР/ӘТ)у+Р а 
(QU /ӘТ), су Cu 


ду и 
Now, by Eqn. (4.2-36) 


2р 
БЭ = at) ЕРТЕ pa Ate 
дү J; oT -b ү? 





DE сна ка И К eA oh cias 
ш ------)|--- = 1S Independent от volume = 
әт}, V-b»' ior) Шағын; ны 


but Cy = Œ — R= 35565 —8.314 = 2725 J/mol К 





vi vi 
Siora ETE жет konk 
| C 





Thus the first step is to find м . 
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P+ 


1 





(vy (v! —b)= RT 


> ү! = 6.678 x10? m?/mol; y^ -1336х107 m?/mol. 


—02283 Ра. тё/ mof? 


qu Opus ru et 1220-02-32: 
2x(2725 J/mol K)x (6678 x10? m?/mol) 


= -62.73 К 


=> Т! = 29315- 62.73 = 230.42 К = -42.73°C 
RTS a 8314 x23042 02283 


22 . 02283 — 
' (77-5) (vr 1336107 = 4.26910 (1336x107). 


P, 28286 x 10° Pa = 8286 bar 


(d) Here we will use the program РКІ. Using the 273.15 К and 1 bar reference state we find that at 
the initial conditions Z=11005, У! = 05365х10* аг /шо! ‚ H'--328185 J/mol and 


5' = —5912 J/molK . Therefore 
U' = H — P'V' = -328185—500 x05365 x10 * x 10° = -5964.35 J/mol 


Now since Uf =U! = —596435 J/mol and 

Vf 22V! 21073x10 * n?/mol. 

We must, by trial-and-error, find the temperature and pressure of the state having these 
properties. I find the following as the solution 7, = 2309К; P~99bar (for which 


У = 0.1075 аг /шо! апа U =-5968.4 J/mol). To summarize, we have the following answers 
for the different parts of the problem: 


Р! ТЇ 
Ideal gas 250 bar 293.15 K 
Corresponding states 101.1 bar 237K 
van der Waals 82.86 bar 230.42 К 
Peng-Robinson 99 bar 230.9 K 


Once again, the ideal gas solution is seriously in error. 
4.20 Mass balance (system = both tanks): Ni = Ni + Ni 
energy balance (system = both tanks): Ми! = МГИ! + NÍ us 


entropy balance (system = portion of initial contents of tank 1, also in there finally): 5; = sf 


Also, Pf = PÍ =P! ; Ni 28. Nf - and Nf E 
Vi Vi V5 
в РВ P 
(a) Ideal gas solution: obtain — = WEE. from mass balance and 
1 1 2 


B = Pf + Р? =2р! = Р! = 250 bar = 25x10! Pa from energy balance 
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(pf к/сь | 8314/55565 
т! = т —— = Т! = (20+ 213155) -2493К 
Р 2 
= 239° С from entropy balance 
апа 
12 1 
-т-------->7) = 3559 K =82.7°C 
5 тт! 
А150 
№ PÍV, ВТ 25x10 29315 dob 
Ni RTS РУ 2493 500x10 
and 
NÍ мі 
—--1-|—-|-0412 
№ Ni 
(b) Corresponding States Solution: 
293.15 g 
Initial conditions 7-03 18%; P= 50;  ->2-122; 
1907 4.64х 10 
HS -H 
a J/mol K ; SS -S =96 J/molK. 
C 
Mass balance: 
p! 1 1 50x10! 
4-2-0Р/4----4 ---------1398х10 (1) 
zn 2(17 7/17) 122x29315 


Entropy balance: 
sf -si = o- (s - SIS) «(sl - 59.) - (s, - 5) 
ог 


/ f 
(5, - SIS) + Gni- Rin P 7 --96 
PICS 29315 50x10 





(2) 


Energy balance: 
NIU, = N/Uf + М ИЗ but Ni = NÝ М = Nf (Г) + А (07-05) - 0 


or 
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пн! уу) (н; ну) - руи) (н-ни) о 





7{ RTS 





ZH 





+ 
ZÍ TÍ 


(c) 





ZÍ КТУ 


{(Hf - nf 9)- (uf? - m'9)- (gi - n; )- 27 ВТУ + Zi RT} 








(н;-н/%)-(н)%-н,%)-(н1-н)%)-2) кт) «znmj-o 
Substituting in the known values gives 


2 —— (Н1Ї-Н175)к35565(1/-29315)-83142/ 7 --6,4065| 


ez Н -Н 8) +35565(1/ -29315)-8.31421 Т) +6406 5} = 0 (3) 


Eqns. (1-3) now must be solved. One possible procedure is 

i) Guess РУ 

ii) Use Eqn. (2) to find Tf 

iii) Use Eqn. (1) ю find TÍ 

iv) Use Eqn. (3), together with TÍ and T/ to see if guessed Р? is correct. If not, go back to 
step i. 

After many iterations, I found the following solution Р” 29787 bar : Т/ -2216К, 
17 =2594 К; NÍ [Ni 20645; № [Ni 20355. 

Peng-Robinson equation of state 

Here we use the equations 


Ni 2 № +Nf (4) 
Ми = N/U! + МОЇ with U = H- PV (5) 
$\ = 5/ (6) 

P! = PÍ = Р! 


and Ni =v, v}; Nf =v,/vi Е NÍ =v ví =v,/vi since V, =V, (value of V, cancels ош 
of problem, so any convenient value may be used). Procedure I used to solve problem was as 
follows. From PRI we know (> Ni) and EY given initial conditions. Then 


1. Guess value of Т/, find P/ = P’ that satisfies Sf = S! 
2. Use Т/, Pf and VÍ to get NÝ ; then М) = Nİ- №/ so VÍ is known. 
3. From Р? and vi find (trial-and-error with PR1) p! 


4. See if eqn. (5) energy balance is satisfied; if not go back to step 1. After a number of 
iterations I find Р, =103.6 Баг; 7/-22023K; 1/-2555К, М//М№М=0619; 


№ [№ = 0381. 


Solutions to Chemical and Engineering Thermodynamics, Je 


Summary 
ideal gas Corresponding P-R E.O.S. 
(part a) states (part b) (part c) 
pf 250 bar 97.87 103.6 
Т 249.3 К 221.6 К 222.3 К 
T/ 355.9 К 259.4 К 255.5 К 
Ni [Ni 0.588 0.645 0.619 
Nf [№ 0.412 0.355 0.381 


Clearly, the ideal gas assumption is seriously in error! 
4.21 System = contents of compressor. This is a steady-state, open constant volume system. 
dN . . 
mass balance: “р =0= N + №, 
t 
dU . : ИГ 0 
energy balance: ps =0=N\H,+N,H,+Q+W,-P Z 
t dt 
->0- NH, -Н,) +0+W, 


dS 5 | . | : 
ешгору Ба!апсе: S рома ВА t CRT 
dt T T 

0 


Thus, 
Q- -TN(S, -5.) 
%- Q-T($,- S) 
and 


(a) Corresponding states solution 
Q-T($,-S) = T(S. -S7)*(S7 -*)-(& -Si*)j 


= Т, -s5)-(, -55)- 2 





73.1 
Now Т, 225213. 


1 50 
x 092; P., = —— ~ 0.009; P. = —— 20443. Thus 
405.6 11128 21128 


50 
О=-КТ1п—+ гв - 516), солы ар (5: -519);, om] 
1 T, =0.92 Т,-092 
= —8314 x 37315x In 50+ 373.15(-5.23- 0) = —14,088.1 J/mol 


and 


W-*Q-H,-H,-(H,-Hj)*( HY – Н) (Н, – НІ) 
0 ѕіпсе 
T=constant 
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Thus 


ЭОЕ = HS) (ш-н 


| = 405.6 x (-6.28+ 0) 
Te 

-25472 J/mol 

W =—О—25472 =11,540.9 J/mol 


C 


(b) Clausius gas 


P(V-b)-RT; yo ду = 
m P ƏT), 


Thus 


О=ТА$ = кы --12,1365 J/mol 

Р, 
АН = E 8) a=] j|v- ЕЗ аР= | 240-2 ur 
: ƏT), WP P 


- [ыр - b(P, - В) 2182.8 J/mol 


Р, 
So Й+О = 1828 J/mol and 
W =-О + 182.8 = 12,136.5 + 182.8 = 12,3193 J/mol 


(c) Peng-Robinson equation of state 


Using the program РКІ we find (for T = 27315 and P = 1 bar ideal gas reference state) that 


100°С, 1 bar 1009С, 50 bar 
x 0.3089x 1077 п?/то1 04598x 10? 
H 3619.67 J/mol 1139.65 
S 11.32 J/mol К —25.94 


solution to P-R equation. 


Note, from PRI, the vapor pressure of NH, at 100°C is 62.58 bar. Therefore, use vapor 
Then Q=7(S,—S,) = –13,903.6 J/mol 


W--Q- H,-H,-113965- 3619.67 = 24800 J/mol 


and W =-О- 24800 = 11,423.6 J/mol . 
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4.22 (also available as a Mathcad) 


Considering the gas that is in the tank finally as the system, this is a closed system undergoing a 
reversible, adiabatic expansion. Therefore S, = 5 f 


(a) 


(b 


хи 


(с) 


RT 
ds Чан ay dP but with P(V-b)=RT or У=——+Ь. Then ov К, also 
OUT ӘТ), Р oT), Р 








2 
ger =-Т ә K --Т. 8 AE ers C, 18 independent of pressure. Therefore 
ОР} oT дТ|, 
C, =C}. Thus 

Ty 

C; 
0=л$= |22 dT- rfar 
Ti 


| Tm 
This has the solution P; = 1310 bar. Now to find the initial and final molar volumes we use 
RT 


V =— +b 
72 24Р 


У, 20.000709 m?/mol 
у, =0.00197 m?/mol 


Ns Vj 

So that — = = = 0.3595 (or 35.95%) 
№ V, 

Corresponding states 


0-4,-8-(8 -89) 8 -89)-(5-48) 


Initial state 


400 
= —=13149 IG 
“3167. 


Р, 
(58-519) =-124009 -8314 In — 
з 50 


(As given Бу eqn. (1) above. Why?) 
Guess for final state (use P from part a), then iterate. Final solution is Р, 21152 bar for which 


Р = 0156, 56 – 5 = 029 and 7, 20939. 


N P, [Z,RT, Р 
М, (PZR) Р, АТ 1152. 400. 096 _ 02964 (or 29.64% ) 


(B/ZRT) ZT; В 50 300 0.939 


1 


Peng-Robinson equation of state 
Use program РКІ with given heat capacity constants to find a pressure at 300 К which has the 
same entropy as the state T=400K, Р= 50 Баг. Ву trial-and-error we find that 


P-1337bar (somewhat higher than the previous cases). Also, У, = 05982x10^? m>/mol 


— 


апа 
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№; V, 
у, =0.175x 107? m'/mol = ~ = =” =0.3416 (or 34.16%) 
i ау 


4.23 There are two obvious ways to proceed. 
1) retain T and P as the independent variables since we have a program, РКІ that calculates 


V(T, P), H(T, P) and S(T, P). Wecan then use 
U(T, P) = H(T, P) - РУ = H(T, P) - ZRT (where Z= Z(T, P)) (1) 
G(T, P) = H(T, P)- TS(T, P) (2) 
and 
A(T, P)= G- PV =U-TS =Н- PV -TS = H-ZRT- TS. G) 
Now we will write 


Т(4а/4Т)-а Х 


H(T, Р) = НСТ) + RT(Z-1)+ i) 
i = 242% 

апа 
5Т,Р)-5%9(Т,Р)- вш2-ву-144/47) X i) 


242b 


where for convenience, I have used 
Z+(1+¥2)B 
X = In| —————— 
2-(1-42)В 


Then we find 


X where U = H'? -RT (6) 


U T,P = 1716 T)+ Т(4а/4Т)-а 
U(T,P)-U "(T) БЕРУ T 





G(T, P) = G* (T, P) + RTZ - 1) -InZ - B] - —— X 7 
G(T, Р)- С `(T, P) [( )-1In( "5573 (7) 
апа 
A(T, P)= А!б(Т,Р)— RT In(Z- В)——©—Х (8) 
= B 242b 


Thus we can either use eqns. (1 to 3) and previously calculated values Z; H and S, or modify 


РКІ to use Eqns. (6-8) instead of Eqns. (4 and 5). 
2) The second alternative is to take Т and V as the independent variables and start from 


au - c,ar« r| 27 | - P ay ana a$- ars [97 | ду 
= ƏT), =. SE gru 


to get 


and 
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Then put in the Peng-Robinson equation of state and from build up a procedure to calculate 5, 
H,U,P, A and G with Tand V as the independent variables. We will not follow this 


alternative further. 
4.24 We will do these calculations using 


С -H-TS and A- G- PV = H- PV -TS 


As an example, consider the T = 0*Cisotherm Р= 1 баг, H = —742.14 J/mol 
S =-259 J/mol K 


V = 22.6800 m3/kmol 
А = —3468- 1 bar x 0.02268 m?/mol x 10° J 2 23027 J/mol 


б=-74214- 27315x (7259) = -3468 J/mol, 


P-5bar Н--786.05 J/mol 


pE G = 36089 J/mol 
5--1609 J/molK ә 
= 3 А-13524 J/mol 
V = 0.004513 m?/mol 77 
Р=10 Баг Н=-840.75 J/mol 
x С =51658 J/mol 
$--2199 J/molK —'- 
= | А = 29238 J/mol 
V = 0002242 m?/mol ^ 
P=20bar Н--94956 J/mol 
= С = 6715.0 J/mol 
5--2806 J/mol К = 
m 5 А=4501.0 J/mol 
V 20001107 m3/mol 7 
P=40bar Н--116397 J/mol 
== G = 82324 J/mol 
5 = -34.40 J/mol K E 
= 4 А = 60688 1/шо! 
V =0.0005409 m3/mol = 
P-60bar Н=-1372.64 J/mol 
a G =90999 J/mol 
5 = -3834 J/mol К m 
ЕЗ 5 А- 69789 1/шо! 
V =0.0003532 m?/mol 7 
P=80bar Н--157376 J/mol 
= G = 97046 J/mol 
S = 4129 J/mol К эр 
- : А = 76230 J/mol 
V = 00002602 m3/mol ^ 
Р=100 Баг H = -176561 J/mol 


10,1683 J/mol 


G 
S =-43.69 J/mol K -- 
- A - 81163 J/mol 


У=0.0002052 m?/mol 
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Similarly, G and A at other points could be computed, though this will not be done here. 


122 





75 
Р 
2 
a © 
25 
e 
-4$00 o 2520 5 o 70000 
2,9 Тумо, 
425 (а) ке 
К р= y 


ca d qn хий ӘР\ (ӘР) _ У’(95/9У)ь 
эр-(р| r ov» (2) = ё = (Ә5/ӘР), 


Бу eqn. (4.1-ба) 


(by eqn. (41 - ба)) 


т (9? (97) (ӘР 
u =|- —| = =i 2 Cs 
"s "A 7 lav). y= lav) lar) 


кек орыг 


Cp . 
b = —— for the ideal gas C; = С, + А Y= 
(b) ү Е gas Cp = Су Y с; С, 


V 
For the Clausius Gas 


ge C Cy + Т(ӘУ/ӘТ)Ь(ӘР/ӘТ), ] 222: ду ЭР 
Су Су Cy ӘТ p oT V 


with P(V —b) = RT 
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Thus 


To show that C, # С, (У) we start from eqn. (4.2-35) 


2 2 
IQ = po but эв ый: 2 =0 for ideal gas 
ƏV J; ӘТ? ), V Y 


әт oT? 

2 

and OF CN eT pu —0 for Clausius gas] 
oT}, У-Ь” (912), 














— ЕЧ 4 = 0 for the ideal and Clausius Gases 


(c) vg(ideal gas) = цагг, = ФРУ = 


13 


vs(Clausius gas) = Кү” —— 7A түз? 





ps (ideal gas) 





at same T and V 


4.26 Preliminaries 
Pressure = outward force per unit area exerted by gas 
Force = tensile force exerted on fiber — at mechanical equilibrium fiber exerts an equal and opposite 
inward force 
= In all thermodynamic relations replace P by — FJA and V by LA, and they will be applicable to 


fiber. 
. : 95 95 › 
In particular, in place of 5 = S(T,V) and 45 = dT +| — | dV. We will use S = S(T, L) 
у 


ƏT ӘУ), 
апа 45 = (25) dT+ 188 dL. Also 
oT " oL ^ 
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(a) From the above 45 = (25) dT + (35) dL= С. ars [87 dL and the analog of the 
L T 


oT oL T 
Maxwell relation 
as) _(aP) ,1(85) . ЦЭР 
oV Я oT " A\OL A Alor), 


C ӘЕ С 
dS ==“ ат- dL= aut L-L,)dL 
1 (22), XL- h) 


we get 


(b) dU -Т45- PdV = dU =TdS + FdL 
= C AT— yYr(L- LydL--Yyr(L- LL = C, ат 


(Note: This is analog of ideal gas expression И = U(T) or dU = Сат) 


хи 


i e Lar- - LaL 


LT 
=> 5(1,1)-5(16.1)- | | ати 100) 
Т 
1,10 
Choosing the path (15,75) (Ls, T) > (L, T) yields 


Q+ -Er 





5(1,7)-5(1,,1) = | 
Th, Lo 


ат-ү Je- Lo)dL 


-an+ Вт) (L- LY 
T, RT-D) x о) 


(а 


— 


t 


A reversible (slow), adiabatic expansion = 5( Ly, Т;) – S(L,,T;)=0 


0-18(1,,,)-8(1,1,))-18(1,7))-5(1,,70)) 
= oan 2 js 7)-Y[t., - 4) -G- в] 





Need to solve this transcendental equation to find T, . 


(е) dU = cr (87. -02 Е, =0 
aL}, 


95 OF 
Fy = (35) = т) = LL 1) = 45) 
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aU 90 д0 
4.27 (a) dU =TdS — PdV + GdN —|—— =7/ — --P;and|—— -0 
a 95 21 oV SN ON "DR 


Now equating mixed second derivatives 
9 


&.-84 C.-L, 9 
ors 95 jh 95|, v ӘҮ 25 ӘҮ de 95 Ж, 


NEUE (9х), әл}, ә, 9 
ONI. OS), 95), ДӘМ);, ON Joy 95 ), к 


д 


ON 





and 





Б а (8), - 82), 88, 9 
Ке oV 5N OV |; v ЭМ ay ON 3y ӘУ Js у 


(b), (c), and (d) are derived in similar fashion. 


4.28 (also available as a Mathcad worksheet) 
(a) The procedure that will be used is to first identify the temperature at which u =0, and then 


show that u <0 at larger temperatures, and u >Q at lower temperatures. The starting point is, 
from Sec. 4.2 


В ЕЕН ЗЕ 
Be ОР) Q 


where, from Illustration 4.2-4, for the van der Waals gas, 





Т 2 1 
imt Map ee а а 

V-b RV G| (fv-»-aw -»/ ВТУ? | 
Simplifying yields 


y (У -b)- [2а(/ -grv?] 


G (иу 0-а -eynrr? | 
"s [кту -5]- Dac - »/v?] 


€. [87У fv -b]- Bao - b/v? | 


Now for u to be zero, either the numerator must be zero, ог the denominator infinity. Only the 
former is possible. Thus, 


(1) 


2a -b) (У-Ь) _ 2a -by 


Tw 2 
RV? b RV?b 


the desired expression 


to determine the sign of the Joule-Thomson coefficient in the vicinty of the inversion 
temperature, we will replace T in eqn. (1) by T™ 
negative. The result is 


+9, where € may be either positive or 
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V [kY - D 
и- иг 


- С [v/v 65+ Pa 5] 


It is easily shown that the denominator is always positive. ^ Thus, 
u is proportional to- 6 > if T > T™ , so that 6-0, ц<0. Alternatively, if Т<Т", 6-0 
and u>0. 
9 y 
(b) Using a — ub сЕТе and b= a 


12545: отр (% | (з/,-1): 
3 


inv _ 9 INES ENO de, SE 
Т"У-2 Е уу Т3) г 2 


289 (He) буе Уг дэг ау 


Te АЗ V2y?, 4y? 


(2) 
= quy 


(c) Expression above gives Т“ = T™ (V ) ; what we want is T™ as а function of P.. Thus look at 


3 87. 3 
P. +— (3V,.-1)=8T. > P. = i= 3 
| r = D ) r r 3V, ed y2 ( ) 





r 


Choose V, as independent variable; use Eqn. (2) to get Т", and use Eqn. (3) to get Р. 
Results are tabulated and plotted below. 


V. yd Tin (K) P. P (bar) Tw (e C) 
0.5 0.75 94.65 0 0 —178.55 
0.625 1.455 183.62 5.622 190.8 —89.6 
0.75 2.048 262.5 7.977 270.7 —10.7 
1.0 3.0 378.6 9.0 305.5 105.4 
1.25 3.63 458.1 8.64 293.2 184.9 
1.50 4.083 515.3 8.0 271.5 242.1 
1.75 4.422 558.1 7.344 249.3 284.9 


2.0 4.688 591.6 6.751 229.1 318.4 
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"0 40 &0 120 160 200 240 220 320 %0 40 
Pressure, bar 


4.29 (also available as a Mathcad worksheet) 





4.29 Take the gas to be nitrogen 
Pam? 

Enter constants R :=8.314. Ti:=273.15-K 
mole-K 


System is the gas to be compressed. System is closed and isothermal (constant temperature). 
Energy balance is U(final) - U(initial) = Q + W = Q- Рау 


Initial conditions are 0 C and 1 bar, final conditions are 0 C and 100 bar 


a) Ideal gas 
Consequently, as we already knew, 
E RT lt кейн | ый the internal energy of an ideal gas is not 
у ат a function of pressure or volume, only 
temperature. 
үне ЕТІ 3 ad 
' 100000-Pa vi = 0.0227*ni. *mole 


Initial and final volumes 
КТ! 


уг ———— 3 
10000000 Pa 


Мї= 2271-10 4 “т "mos | 


Ms 4 -1 
W i= | P1(V,Ti)dV w = 1.0458°10° *mole *joule 
«Уі Uffinal)-U(initial)20, зо О = -W 
Qi—wW Q--10458-104 «mole 1 оше 


b) Virial equation of state 


3 
= Ў 6 n E i 
B :=-10.3-10 uh C:z1.517.10 ^ш 


mole 
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RT 
P2(V,T) о 
у 


rernm) —P2(V,T)>0 
dT 


Guesses for Initial and final volumes 


Given 


100000-P=P2( Vi, Ti) 


Given 


10000000 PÆP2( Vf, Ti) 


Vf 
у= 
«Уі 


P2(V,Ti)dV 


U(final)-U(initial)=0, so Q = -W 
с) The van der Waals gas 


3 





6 
а!=0. 1368 7577: 


mole 


p:23.864.10 ^. 


mole 





._ RT а 
РЖУ,Т)-------- 
V—b y2 


6 
rer n) — P3( V, T)79.1368 Pa: 
dT 


Guesses for Initial and final volumes 


Given 


100000 PÆP3( Vi, Ti) 


Given 


10000000 PÆP3( Vf, Ті) 


Vf 
№ :=- 
Vi 


P3(V,Ti)dV 


Vf 


AU := --ау 


Vi 


Q--1.0424*104 


Q:ZAU- W 


Vi :—find( Vi) 


Vf !=find( Vf) 


W = 1.0424*10 


m 
(mole? v) 


Vi :=find( Vi) 


Vf !=find( Vf) 


w = 10414- 104 


Consequently, the internal energy of this 
gas is also not a function of pressure or 
volume, only temperature.However, if the 
virial coefficient were a function of 
temperature (which is the actual case) 
then the internal energy of this gas would 
be a function of temperature. 

RTi 


"m _ 0RTi 
Vi = = 
10000-Ра 1000000:Ра 


Vi- 0.0027«m? imde * 


vt-22353-10 ^ "nb mole | 


4 


-1 ; 
*mole *joule 


о=-1.0424+10* “mole | 


*joule 


=а/\/^2 In this case the internal energy is а 


function of volume (or pressure) 


SL Еті _ КТ 
Vi = = 
10000-Ра 1000000:Ра 


vi = 00227*m? *mole | 


v= 2.132910 < «n? mole 


-] | 
*mole *joule 


Я AU --635.618*mole | оше 


-1 | 
*mole *joule 
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d) The Peng-Robinson fluid 


126.2-К 
w :=0.04 b :=0.07780 R — —— -5 -1 
33:94:107 Pa b = 24051*10 nr *mole 
2 2 
R^(1262.K) | 0.5 
ас:=0.45724 [5241262] 273.15 
11:51 1+(0.37464+ 1.54226-w — 0.26992-w-w)| 1— | ———— 
(3394-10? 5.) аас E 7 «| ERE | 
alf- 0.6249 
a. =ac-alf 2 


a=0.0927 *шб+тое © p 


ЕТ а 
P4(V,T ) -=— — —— 
V—b V(V+b)+b(V—b) 
d тб 
rernm) — PA(V, T) float, 4 — 09268 Pa: 
dT 





mol mole mo 


5 zs ono pr € 
|V-4V 4-240510 ^ ——] 4-2.405-10 m У- 2.405.10 EE 


Which shows that the internal energy is a 
function of volume (or pressure) 





Guesses for Initial and final volumes vii RTI vnm RT | 
10000-Ра 1000000:Ра 
Given du : : А 3 -1 
100000-P#=P4( Vi, Ti) Vi ‘=find( Vi) Vi = 0.0227 *m *mole 
Siven 10000000 PÆP4( Vf, Ti) Vf:—find( Vf) vt- 2.2006* 10 4 am dE v 
М 4 -1 
уу eil PA(V,Ti)d V W = 1.041*10 *mole ^ *joule 
“уі 
т :=273.15к 
Vf 
‘= |4_ ы = 
od | [ TES eie 4U--378.0606 «mole | *joue 
Vi 
Q:2AU- W 


Q--10788-107 ^ «mole | «joue 


Solutions to Chemical and Engineering Thermodynamics, Je 


4.30 For an isothermal process involving a fluid described by the Redlich-Kwong equation of state 
develop expressions for the changes in 
(a) internal energy, 
(b) enthalpy, and 
(c) entropy 
in terms of the initial temperature and the initial and final volumes. 
For your information, the Redlich-Kwong equation of state is 


_ RT a 
V-b УТ. +b) 


and 








dx 1 ( х | 
| =-Ш 
x(x+c) c х+с 


dU = КЕЗ) 1 12 


R (1/2)at RT a 

=|7.— L ЦУ 
V-b TPVYV+b) v-b TPy(y«b)| - 
—adV 


E 

a | V, V,+b 

U(T,V ,)- U(T,V ) 2 — -——-ln| == 
(BE) WEL) zr Inca" 24Tb |¥,+b И, | 
Н(Т,У ‚)— H(T.V,) = U(T.V;)- U(T.V,)* ВУ, - ВИ, 
ытай нү2- 19) gr у, a 


2/ть LV, (ŒK,+b) |V, -b V,-b 














a| E 
ТУ, +b V +b 
aP R а 
OF сете ДЕ та ау 
7 | T гс 5755) = 
S(r.,)-S(T.Y,)- Rin 4 ага 


V,-b 2195 Чу (V,«b) 
G(T,V,)- G(T, V) =[н( Т,У,)— Т5(Т, v J-E, ТИ] 


Ш а Г, (K +b) V, 
Е E (V, E ears -b V, 21 























~rTne—_-_4 wo 219) 
V,-b 24Tb (V, +b) 


E a In 7, (V, +b) -ВТ 7, е Vi 
МУТЬ V, (V., * b) V,-b (1-5 


af 1 1 И, +Ь 
= --|-Атш ILL 
УТУ, +Ь V,+b у +b 
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4.31 


Joule-Thomson Expansion 

Б = 25 Баг, 1 =300°С, P, =lbar, 7, =? 

(a) Ideal gas-enthalpy is independent of pressure — Т, = 300°C 
(b) van der Waals gas 

H,- H, = (H,- НУ )+ (H; - Hf )-(H,- н) =0 


1 


ИТ», В) ӘР Т, 
= 0= 87(2,-1)- 11 2-|- P +|сат- RT(Z, -1) 
к 23 g i 


Ү(11,8) 
7 | КЕЗ ЯЛ 0 


K=% 


RT a (ӘР\ R (ЭР RT RT a 
Р-------|-- -Р--------:-т- 
V-b y" Ver), D эт), V -b L^ 2 


1 


Ps 


YdT- RT(Z -1)- Ж 
У- 


со 


= 0= RI(Z,-1)*a if a 

V= 1 

Их T 

0= RT,(Z, -1)+а | &. [с суат- RT(Z -1) 
a aa 


V =% 1 
1 Т, 
0- PV, - Т, – [I x Je евге sarar 
V, 7, 
- PY, + RT 
0- BY, - RE - [LL ға(Б-Т) (В - 1) 
—2 1 


d 
eS) ie т) By ARI 


Solved together with vdw EOS 
Т=575.07 К, =3019°С (T increases?) 
(c) Peng Robinson EOS 
Thermodynamic properties relative to an ideal gas at 273.15 K and 1 bar. 
Й(300° C, 25 bar) 294363x10 J/mol 
After some trial and error 

H(274.1°C, 1 bar) = 94362 x 10? J / mol 


Close enough 


So the solution is T=274.1°C 


(d) Steam tables 
Й(300° С, 25 bar) = 30088 kJ/kg 


A(T = ?, 1 bar) = 30088 kJ/kg 
A(T = 250°C, 1 bar) = 29743 
A(T = 300°C, 1 bar) = 30743 
= T = 267°C =540K 


4.32 Note error in first printing. The problem statement should refer to 
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Problem 4.13, not the previous problem. The solution is available only 
as a Mathcad worksheet. 


Ny; N N 
433 АУ, Т) = АТОР, T) = ашалела 


М! 
=—МЕТ1п f (T) - МТ ШУ — мата 2. г) kTln М! 


Stirling’s approximation In №! = NIn N- № 


АСМ, У, T) = -МТ In f(T) — МЕТУ — атат) + МТ InN — МТ 


E3 2 opo МТ yr? ZAT) ФАУ) 


V Jay py ә(м/уу) | әу 


ЖЫЛААР. МАТ Эт2(М/У,Т) 


E y? ә(м/у) 





Т 








Т 


ES --$--NkInf(r)- Ner LO _ рр пут) 
ИЕ ат 2 


эт 
_ мата 20А Т) амт 
ӘТ NV 


S= Nein p(T) + мт LO ,, «(+ сіп a. r) 
dT 2 y 


У NET InZ(N/V ,T) ET 
oT x 
Сав ЗА = ата fCT) тау 6791820 .T) AN/V) 
molecule ON ANI) 38 
TV " " 


— МТ Z(N/V , T) - KT In N - KT КТ 


КТ OlnZ(N/V ,T 
e Nac SN f N s EE ORE D) 
molecule V a(N/V) 
N 
+ NET In N - мт.) 


As a check 
G=A+ PY = - мт) Ner Inv - мад =, гр NkT InN 


sd ны МЕТ 9Inz(N[V.T)] |, 
V у AN/V) |r 
= - МТ f (T) - NkTInV — мтһ2 т) + NkT In N 


_ ONT Әт (м/у, т) 
e + yar wf) 


V 








T 


= -NkT In f(T) - NKTInV — МТ 45. г) + МТ М 


_ МТ OInZ(N[V. T) 


V Эм) 
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which checks! 
д ( А | m 
ӘТ, у\Т T2 


xe -м In f(T) — NkInV — Nk шД-, г) NklnN - м 
ӘТ, y y 


ils din f(T) _ LET ЭЭ) 
ат ƏT MAY 


2 dlnf(T) 


NEUE mu 


мет 
N,V 


2 
C, = (22) cap pi BD ae in f(D) 
di ss dT dT 


2 
+ гма 282023 + мет? Э 4n ZQN/V T) 
N,V oT 


oT Ne 


H=U+PV 


т? d Inf (T) 


= № 


Я s (282 2) 
NV 


oT 
МТ МТ O1nZ(N/V,7) 


V V М | 
etc. 


434 ан" -dH-dHP - C dT r- ЕЗ |e- сат 
Р 


А ду 
=(C, -C )dT+ [ - ТЕЗ 
res ж ЭР 
dU^ =(с, -суаТ+ Іш) - Play 


45 = Car. са dV = ds = WN gry ша Екі ау 
22-23 эт), x T әт T|T 


Wage Sve ey: са - Ep 
- Т ӨТІ T 


ас” = ан x d(TS"*) = d H™ m 745" -SAT 


-(6 -G)Ar- k- (25) le -(Cp- G )dT- СЕЗ -rle 


= ат 
аа“ = "Т 
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y 
H(T, P) - H*(T,P)- ВТ(2-1)- | БЕЗ - Pl 
и 


vial OT 
ры ыб 
V-b y 
ap) в 
aT), V-b 


ЭР RT RT а а 
Т\|———|-Р=-———-——+—=—- 
ƏT), y-b V-b y? y? 


ГА 
HUT, P) - Н'(Т,Р)= ЕТ(7—1)+ | “ау вто 
y y 


co 











V=% — 
RT 
SRS cu gps ыг 
V РУ RT 
Р 
= ВЁТ(7—1)--=— 
ZRT 
Р 
Р-Н вые 
Ex = ZRT 7 
ИР = E Р)-1/9(т) = A(T, ps Py -( H° РУЗ) 
РУ РИО 
= HT, P) - RT == — RT = НТ, Р)+®Т@-7) 
= H™(P, P) - ВТ(2-1 = -2£. 
= ZRT 


V 2 
Бэ | ew zekin- ae) ee ee 





V-b Үл (И > œ)-b (И — e) 
Z P. 
S^*T, P)= Rin Е “иш РЕЛ 
= V -b 7-В' КТ 


4.35 a) The Soave-Redlich-K wong equation of state is 


_ RT _ (т) 
= V-b ИУ-Ь) 


Rewrite this in the power series of V 


RT RT. a(T T 
p peu actor СОР 0 
P- P PH P 


Notice that the three roots of volume at the critical point are identical so we can write 


(V- V.) =0 Or 
3 2 2 CET 
У -“3V.V + VV -Ve =0 
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At critical point, the second and fourth equations must be satisfied simultaneously. Consequently, the 
coefficients of each power of V must be the same. Thus, 





RT, 
ЗИс ор 
С 
RT, т. 
Зи, Ас) да 
С Е 
i 
рз - «d, 
=, 


Solving the above three equations together for a(7), b and Vc, we get 


ВТ, 
3B. 


b= (V2 -ПУ. = 0.08664-22С апа 
ft 
Р. 3 2 
Сс 042748 КТО 
b P. 





а(Тс) = 


Also 


2 
a(T) = a(T, ot T) = 042743 C шт) 
G 
B ас Рус Po ЕТС 1 
КТ. КТ ЗР. 3 





4.36 (also available as a Mathcad worksheet) 








pube AW. 
Кер Vb 
V 
H(T, P)- H*(T,P)- RT(Z-1) + | (37) -PAdV 
H H 2 Хаг), E 
ЭР) R 1 daD 
Әт), V-b V(V*b dT 
ЭР) p АТ Т dat) RT а 
or | V-b V(V«*b dT V-b V(b 
1 | аат) 
=———_|a-T 
VV +b) dT 


So the integral to be done is 

Га | V 

| —— ar = V uh p EEO 
vo LED) С pis ИИ Р) (=) И үс. 


1 V-b!| 1 V+b 1 V+b 
=-—In| = +—In| = =——1ц = 
oe S ся 





| aS 











So 
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V 
ӘР 
H(T, P) - HP(T, Р) = RT(Z-1 — | -Рау 
H(T, P) - H™(T, P) = RT( «T |ж 


V=% E 
рй рын ez) 
b y 


= RT(Z-1) „Тее + M 
b Z 


-ВТ(7-1)- 


т(аа/аТ)-а ne 3 


Ё=7Е1Т]Р 
S(T,P)- S'S(T, P) = RInZ + | (27) de 
Е = әт} ын 





уз» É 

ap) RR 1! da R 
ЭТ, V V-b VV+b)dT V 
V=ZRT|P 

R 1 da R 

Soa he 
2. 1-Б V +b)dT V 
Бүс ЭГ E 2 dad Ph 
= n "E n E И 

[V - 2), „. [].. ать v 
= enh, 1,200 a 

V ать Z 


(255) da 1 БД 
= Rid —— |4—-In| —— 
Z ) ать | Z 


S(T,P)- S" (T, P)= RInZ + вы 








LL da 1, ша 
2 








+— № 
ать | Z 
= RZ- ву l d 
ать | Z 
res res res P Z 
СЕН Т8'® = pr(z.-1)--2 = prin 
ZRT ZB 


Redlich-Kwong 
RT a 


OE-b ATV +6) 
(22) _ Rk | (Ми 


ЭТ), V-b Ty +b) 
ӘР 2 ЕТ (1/2)a RT a 
ion 85 л тэн 
(3/2)а _ За 


OJTY уау 24ТУ( +b) 
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3a dV. 
WT VV +b) 


al In А 
23 V +b 





ү 
H(T, P) - H*(T,P)- ВТ(2-1)- | 
Y=% 


= RT(Z-1)+ 








pares 
5-7 Z+(bP/RT) 
2 
= RI(Z—1)+ TF 27205 


За 7 
U(T, P) UP (Т,Р)- In 
— = БТ Z+B 


V 
ӘР R 
S(T, P)- SS (T, P) == -> dV 
S(T, P)- S^ (T, P) ДЕ) Т 


- ji Qa _ Aly 
ES UTRV +b) pre 


у Qa, 
= Rin———- 
y -b ТЕРІН "v +b 
Z a Z 


бт 
Z-B 2TÜb 7-8 


ERTZ-D)4——— 














= RIn——— 
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4.37 (also available as a Mathcad worksheet) 



































Problem 4.37 
Critical properties and heat capacity for oxygen: 
Tc := 154.6.К Pc :=5.046.10°.Ра @ := 0.021 Tref := 298.15.К Pref :z 10°.Ра 
ср(ту:-25460-046 |. | 19:02 Jule | 07154052, 2085 татат? joue - 
mole-K mole-K? mole-K? mole-K* 
Soave-Redlich-Kwong Constants: 
2 
joule RT 2 T 
R:2831451 5 al := 0.42748. «(Т):=|1+ (0.480+ 1.574-@ — 0.176-0 1 (PER en 
K-mole Pc Тс 
a(T) :=a1-a (T) b :=0.08664 £E b = 2207-10? «in *mole | 
РС (Initial guess 
Temperature and Pressure: for solver) 
Т:-17315К Р:=1-10”.Ра V :=10 f-m mole! 
Solve block for Volume: 
Given pest. Р V :=Find(V) 


V-b V(V+b) 


Calculation of Compressibility: 
5 P-V 


Vc 
RT 


Calculation of Enthalpy and Entropy: 


a(T)- (сэл 
ат 











Т 
HDEP :- R-T(Z- ау) ис | Ср(т)4Т 
b V+b Tref 
Ч XT) T 
SDEP -R-n 256 7- D | dT | У SIG:- СВ met 3 
У b У+Ь T Pref, 
Tref 
H := HIG + HDEP S := SIG + SDEP 
Final Results: 
T = 173.15 *K Z = 0.9952 
= е 3, 71 
Р- 110? Pa V = 0.014327 : пт *mole 


Н = -3.60273-10 -mole Ї joule 


S--1562 -K mole | =јоше 
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4.38 (also available as a Mathcad worksheet) 


4.38 with the SRK equation 


Property Data 
(T in K, P in bar): 


В :=0.00008314 


Initial Conditions (Vt = total volume, m^3): 


SRK Constants: 
Initial temperature — T :- Ti 


Note that these are being defined as a 


Tc:21262 Рс:= 33.94 





3 








om := 0.04 Cp, :=2722 Ср, :=4.2-10 
Кар := 0480 + 1.574:от- 0.176:0m:om 
Ti:=170 Рї:100 м:=0.15 
222 
b :=0.08664 ÈT? ac 042748. 1€ 
Pc Pc 


2 
T 
Tc a( T) :z ac-alf( T) 
































function of temperature since we will need to alf( T) :=1.| 1+ Кар:|1- |— 

interate on temperature later to obtain the final 

state of the system Da(T) -4 X(T) 

dT 

Find initial molar volume and number of moles y= R-Ti 

Start with initial guess for volume, m3/mol Pi 

Solve SRK EOS for initial volume Given Pie F1... 80D _ Vi := Find( V) 
V-b V(V+b) 

m -4 .,_ Vt í 3 
Initial molar volume and Vi = 1.02%10 Ni :=— Ni = 1.471°10 
number of moles м 
Entropy departure at the DELSi ы (M- ee + DAD) Se 
initial conditions RT b м 

: ЭР” 0.15 
Now consider final state МЕ:-Мі- 10.50 Vf :=—— У:=М 
МЕ 
Туре outsinalinumber Of Nf = 971.269 Vi = 1.54410 4 
moles and specific volume 
Final pressure, will change in course RT a(T) 
; ; PIC) = -- 
of solving for the final temperature V-b V(V+b) 
Entropy departure DELS(T) := | вла И М Da(T) | V+b 10° 
at final conditions ЕТ b V 
Solve for final GIVEN 


temperature using 
S(final) - S(initial) = 0 


T :=FIND(T) 


у = 1.544910 4 


Type out solution 


РКТ 


ДІР -Ср,(Т-Ті)- ва 201 + DELS( T) - DELSi 
1 


T = 131.34 РКТ) = 37.076 
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4.39 (also available as a Mathcad worksheet) 


Problem 4.39 
Critical properties for carbon dioxide: 
Tc:23042 K Pc :=7.376.10° Ра @ :-0225 


Soave-Redlich-Kwong Equation of State and Constants: 
3 














" joule Pam 2.52 
БУРВЭВӨ5. Su ^ den al := 042748 | ЕСТЕ b :=0.08664 ЁТ 
Рс Рс 
2 
2 T 
%(Т):=|1+ (0.480+ 1.574-0 - 0.176-0 ij 8) a(T) :zal:a (T) 
с 
Р(У,Т) p m аСт) _ 
V-b У.(У+Ь) 
Data given in the problem: 
T:2(1504-27315) К P1:250.10? Pa P2 :=300:10° Ра Vitotal:2100 п? 
V egt. (Initial guess needed for solver) 
РІ 


Solving for the initial molar volume and the number of moles of carbon dioxide: 
Given Р1=Р(У,Т) 
У1їоїа1 5 


У ппоїаг: 5 Find( V) М Ет М = 1.51810 V1molar = 6587-10 4 
Solving for the final molar volume and the final total volume: 
ух D 
P2 
Given Р2=Р(У,Т) 
V2molar := Find( V) V2molar = 9.805*10 > 
V2total ‘= V2molar-N (i) V2total = 14.885 


Calculating the amount of work done to compress the gas: 


V2molar 
Work емі -Р(У,Т)4У (п) Work = 8.823* 10° joule 
У Ппо[аг 


Since the temperature is constant, the change т enthalpy, H(T, P2) - Н(Т,Р1), is just equal 
to Hdep(T,P2) - Ндер(Т,Р1): 


a(T) - T (т) 
dT 


HdepttPysmP['-14———9T. av. 
RT b V+b 
H(T, P) := Hdep( T, P) H(T, P2) = -4382:10? H(T, P1) = -7.314*10° 


Q:=N-((H(T, P2) — H(T, P1)) – (P2:V2molar— P1-VImolar)) — Work 


Q = -3.837°10° joule 
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4.40 (also available as a Mathcad worksheet) 


Problem 4.40 
Critical properties and heat capacity for ethylene: 
Tc !=2824 К Рс:=5036.10° Pa о :=0.085 


Ca:23950 Cb :=15.628.102 Ce :=- 8.339-10° Cd :=17.657-10? 


Soave-Redlich-Kwong Equation of State and Constants: 











— кете? 2 
R:=8.31451 ток а1:=042748. 5 а(Ту- 1+ (0480+ 1574.0 - 0.176-0 ). ie 
с 
a( T) :=al-a(T) b :2008664. T^ pv, = ÈI- asm. 
РС V-b V(V4b) 
Т1:=(100+ 273.15) K P1 :=30.10° Ра 
_ (RTI) х 
Ра Vi (Initial guess for solver) 
Т2:=(150+ 273.15) К P2 :=20-10° 1 


Solving for the initial and final molar volume (Only one root is possible for each volume because 
both temperatures are above the critical temperature): 


Given — PIZP(V, TI) 
VI := Find( V) 1 = 9.501110f m 
Given P2=P(V,T1) 


V2:=Find(V)  V2=146710° m 


Defining the reference state as P=1 bar, and T=300 К: 


T 
Hig(T) =| (Ca+ Cb-TT 4 Cc-TT? + са-тт?)атт 
300 


а(Т)-Т.4 (т) 
Hdep(T, P, V) :=В-Т. Yap T ш 
RT b Vb 


H(T, P, V) :=Hdep(T, P, V) + Hig( T) 


Q :=Н(Т2, P2, V2) - H( T1, РІ, УІ) 


Q = 2.64-10? joule 
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4.41 (also available as a Mathcad worksheet) 


Problem 4.41 Soave-Redlich Kwong EOS with MATHCAD 


= = i : 13 
mol ‘= 1 bar := 101300-Pa RE :=8314. joule RG :=0.00008314. 527m 
mol-K mol-K 

Property Data Te :23042.K Рс ‘:=73.76-bar от := 0.225 


T in K, P in bar): 
(ш Куан Da) Кар :=0.480 + 1.574-от— 0.176:от:от 





Initial Conditions: Ti :=400.K Рі:-50-Баг 
REED 
SRK Constants: b :=0.08664- Bede ac := 0.42748. КО Те 
Рс Рс 
Initial temperature T:-Ti 


Note that these are being defined as a 

function of temperature since we will need to alf( T) :=14 1+ Кар: 
interate on temperature later to obtain the final 

state of the system 


2 
і T 
Ате a( T) :=ac-alf(T) 


Da(T) = (Т) 
ат 








Heatespaciy ев Cp2 : 5977-10 2.49°Чё_ 
constants mol. К mol. К. 
Cp3 :2- 3499.19 5. Joule Cp4 := 7464.10 2 Joule 
mol К mol К 
Find initial molar volume and number of moles , ЕСТІ я 104.3 
Start with initial guess for volume, m^3/mol ын Pi V 266512710 m 
RGT (ат) 


Solve SRK EOS for initial volume Given Ри Vi ‘= Find( V) 
V-b V(V+b) 


Vi = 6.09602-10 4 «n? 

















Entropy departure at the DELSi ‘= па b) сон + Da(T) Jn (=) | .ВЕ 
initial conditions RGT b-RG Vi 
DELSi = -2.37467°K | “ше noe Zi = 0.91653 
RGT 
[ricum =a(T) Zi+ ын 
DelHi := RET«(Zi- 1) + Jn 
71 


DelHi = -1.24253*10? •јоше 


Final temperature is 300 К, and final pressure is unknown; will be found by equating the initial and final 
entropies. Guess final temperature is 10 bar 
_ RGT 


Р 0фаг  Ti=300K У мые 22 
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Temperature part of ideal gas entropy change 


ti :- 400 tf := 300 


DSidealT Е ев Р) Р е) 
t 2 3 


i 
DSidealT = -1124332:K 1 “іше 


Note: To use the given and find commands for variable with different dimensions such as P and V, will have 
to convert to dimensionless variables so as not to have a units conflict. Define x=V/b and у-Р/Рс 


initial guess х:=У х= 83.95847 у :=0.5 
b 


pass SRG300K _ a(300K) 


y: Pc ee 
xb-b x b.(x b + b) 


0=DSidealT — RE-In | + 2 -b) у'Рс 








. УРс | Da(300-K) (ХІ). DELSi 
Pi RG300-K b-RG 1 

Y :-FIND(x y) ү_| 536541 
0.19654 

Е В -3 3 

Vis Y, b УГ = 159393410 > “т 

Pf := Y, РС Pf = 1.46849-108 «Ра 
РЕ Vi 


— = 1449643 Fraction mass remaining in tank = ans 0.38245 
bar Vf 


4.42 (also available as a Mathcad worksheet. In fact, this file contain graphs and other 
information.) 


2 2 
Easier to work with ас, = oF. than with 9 C. =- ӨЗІ : 
ӘР), (912), ӘР), Эт”), 


: = (ӘР 
С,(У,1)-С,(/ 2, T) = C(/, D) Су(Т)= | ae 
у (ƏT 


V 
b y 
ugs Eb ш ЕД с; 
TT? 2 pis ТЭ? y 











dV. 
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So CV, T) = A(T) 4075-25-14 Т” 
о v( ‚Г)= \(Т) + . Tb y 


| . Clearly аз V — со (ideal gas) we 
recover C, — С, Я 
Procedure: Choose collection of Г 's 

Calculate C, — С, for given V and T 

Calculate P from RK EOS get C, — С. vs. P 


Next use 


ди) (dP | (ә Р/әт), 
о-а-(25 (SF) -а тау) 


to convert from Су to Cp. Have done both parts using MATHCAD. See the 


MATHCAD F file. 
4.43 (also available as a Mathcad worksheet) 


RT a РУ в С 
a) Р,—-—=——;—==1+—+—+=7 
V-b УТИУ+Ь)’ RT y y 
PV V V a V a 
Z = —= = а — ——— 32 
RT V-b RTVTVV +b) V-b RTVV +b) 
1 а/у. 1 alV. 


ПТИ ЕТ?@+Ь/У) 1-b/V КТЎП+Ь/У) 
Now expanding in a power series in Ж 





alV a 1 
Z=1+b/V - = —]24|5b-—i— 
— RT? ( arly 


a a 
мий Дани 
3/2 а а 27 
ТР? = 2 т, = (2 -876.5K 


bR bR 
b) Using the Redlich-Kwong parameters 


У 2/3 
Т,- (2 -8765K 
bR 


4.44 (also available as a Mathcad worksheet) 


V a 
Z= тов PREA, 
V-b RT'(V +b) 
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9) тв) car Se), Саты ae 
ӘР), V-b(9P), (У-Ь?\ЭР), RTP UV +b? 





z RT Е а 

| V-b JT(V° +b) 
8) к хулгар 
OV), (ИБ) JT (Vv? +ьу) 


lim =0; lim ar = 
P>0 23) MESE. ӘҮ 708 


V oe V oe 


V a oV 
lim |= 
tin $2) =0 -|55- (V — by URPÜ + Б)? 43 =| 


Vow 


(22) | [Dye -53- tr [fo -5* | fa/[RTP U +) | 


1-8 0-8) ПЕД (v? +в) ох + b) 


із) Eze], a 
POP). -ЕТ/ -5y] СОЕТ 


52) __ИЎ]-[/]+[а (кт?) 
Чо, [атк КУУТ] 


(кт) а а 


= —ЕТ{Ү? =e ВТУ? «gp? 


4.45 a) The Redlich-K wong equation of state is 


р- КГ а _ 
V-b УТҮ(ү+Ь) 


which we rewrite as follows 


PV үу 
i so that 

RT V-b ВГУ +6) 

РҮ -1І-2 V Р а b _ а 

RT -b L3 V-b RT? +b) 


2 
(= ae bL 
= a 


, РУ : V Ee V a ү I а _ 
is } = Lim, ат) раа аг cuis 
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To proceed further, we now need to have expressions for a and b in terms of the critical 
properties. To obtain these we proceed as in Problem 4.35 and rewrite this in the power 
series of V 








pae АГ, 2 у- =; 
= ТР Р JTP «ТР 


Notice that the three roots of volume at the critical point are identical so we can write 


(и-и.)`=0 ОГ 
3 24 3772 - 
ЕЭ СЕЗЕ et 50 


At critical point, the second and fourth equations must be satisfied simultaneously. 
Consequently, the coefficients of each power of У must be the same. Thus, 











зу = 10 
Е. 
КТ а 
ЗУ? = -Ь?- те апа 
к Т.Б. 
үс рс 


ҮТ. В. 


Solving the above three equations together for а(Т), b and Vc, we get 











ЕТ, 
То 3P. 
RT, 
b=(V2 -1V c =0.08664——© апа 
С 
225 
а = 042748^ 1 
C 
RT, RID 
So B(T) = b-— = 008664. — 042748 =c 
ЕТ" Р. Р.Т" 


For n-pentane, Тс=469.6 K and Рс = 33.74 Баг 


The resulting virial coefficient as a function of temperature is shown below. 
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B(T) -0.001 
-0.002 
200 400 600 800 1000 1200 1400 1600 
‚200, T 1540), 
2 Т ү 
4.46 Inversion temperature и=0=| —— | = cu То] => of =1 


oy oy _ 
1328) ut (%) E | m i = —] by triple product rule. 


ди) _ -1 __ (ӨР/дТу 
ЕЭ _ (ӨР/9/)9Т/ЭР), | (ЭР/9У), 


RT a (ӘР R 
(а) vdW EOS; P- 2-7: |5) = 
-b y?'ioT), V-b 


Е EE ү 
WV) v- р? 
(2) = _ -RJV -b 
әт), 1-8тУ| -5 | par] 
rA {-АЈУ(У – by} 
Ея к [if fv -ь)°] + n 
-RTI[V(/ -Ь)] 


Гато b? D a/v ] 
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RT __ RT 2a 
VV-b) (У-Ь p 





1 2a 
AYyw-b wol ry 





TR 2a 
172834 шаг y 
bRT 2a 
vy-by v 
геи 2) (1) 
bR y? bRV Г 
ейнек Т oH. (2) 
V-b y? 
Choose V 


Calculate Т, from Eqn. (1) 
Calculate P from Eqn. (2) 


Solution done with MATHCAD (see MATHCAD worksheet). 








(b) RK EOS 
_ RT a 
туь VTVV +b) 
Еа cdd oy a x a 
Әр),  (-b? 4rVXyeb NTVV by. 
Еа -R | (За 
Т У-Ь TPy(y +b) 
s- 2 (25) DEL 
КОТ Р V (9PJ0V), 
ШЕГІ ТЕПЕ ЕГІ ШЕРТЕТІН ТЕЛ! 
Ta=1 
-RT (1/2)a RT а 


а 
ГЬ) TY Y+b) V-D УТУЧУ+Ьу ИБ 


RT Е 1 | а [ 1 
ex SS ee ааа gee cee gn eral Дыл 
V-btV И-Ь| 4TV(V*b|V. Vt+b V 


RT EE RTb a [amer 


СУУЫ) | rg-b TV «bL VY +8) 


Solutions to Chemical and Engineering Thermodynamics, Je 


RTb _ а SV «3b 
V —-by  24TV(V +b) VU +) 
RTb a(5V + 3b) 





(-by Wry +5) 
тэр _ UV +3b) (И -bY 


2V(V-by Rb 
Te sesh «с», UE 
2Rb ATE 


4.47 Sorry, in the first printing this problem was misplaced. It is Problem 5.47, and 
the solution appears in Chapter 5 of the solution manual. 








The replacement problem is 
"Repeat the calculation of Problem 4.31 with the Soave version of the Redlich- 
Kwong equation." 
The solution is as follows: 
Using a Mathcad program forthe Soave-Redlich-Kwong EOS we find 


Н(3009С, 25 bar) =945596x 10° J/mol 


(relative to ideal gas at 273.15 K and 1 bar). 
Now by trial and error until enthalpies match 


Н(27459С, 1 bar) = 945127 x 10° 
H(274.6°C, 1 bar) 2945486x 10° —T-2746C 
Close enough 


Note that this solution is only very slightly different from that obtained with the 
Peng-Robinson equation (274.10C compared to 274.60C obtained here). 


4.48 (also available as a Mathcad worksheet) 


Problem 4.48  Peng-Robinson EOS with MATHCAD 





22 = | Xx 
mol := 1 bar := 101300-Pa ВЕ :=8314. joule RG = 000008314. Dat m 
mol K mol. K 
Property Data Тс :=5.19-K Рс:-2.27.Ваг om:=-0.387 Cp :=2.5.ВЕ 
T in К, P in bar): 
MERE EH DR kap :2 0.37464 + 1.54226-от- 0.26992-от-от 
Initial Conditions and total volume Vt: Т!:=298.К Pi:=400-bar М := 0.045: п 
2 
Peng-Robinson Constants: bi= 0.07780. RG 16 ас := акун КО Te 
РС РС 
Initial temperature Т.-Ті 
Note that these are being defined as а T : 
function of temperature since we will need to alf( T) :=14 1+ Кар:[1- |-- T) :zacalf( T 
interate on temperature later to obtain the final Tc a(T) c ac-ali( T) 





state of the system d 
Da( T) :z —a( T) 
dT 
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Find initial molar volume and number of moles _ RGTi _ -5 3 
Start with initial guess for volume, m^3/mol Mac Pi V = 6.19393-10 m 
Solve P-R EOS for initial volume Given ор о D s Vi := Find( V) 
V-b V(V+b)+b(V—b) 
шты Vi = 71066710? «m^ N=% N = 633.20762 
number of moles Vi 
Entropy departure at the DELSi := bf ovi- Ый. + DAD qu Vis oed) ‘RE 
initial conditions RGT 24]2-b-RG | Vit (1 22 ap) Ъ 
DELSi- 00151-К 1 “оше guste Zi - 1.14736 
RGT 


TS a(T) - a(T) Zit i42) DE 
pid RE Pea Sa ee Ова DelHi = 274.27781 “оше 


242: 71+ (1-42) or 


Final pressure is 1.013 bar, and final temperature is unknown; will be found by equating the initial and final 
entropies. Guess final temperature is 30 K 


M = __RGT 2 
Pf:=1.013-bar Т:=257.К rom V = 2.10928*10 3 e 


Note: To use the given and find command for variables with different dimensions such as T and V, will have 
to convert to dimensionless variables so as not to get a units conflict. Define x=V/b, yz T/Tc 


initial guess х:=10 у:=5 
OA pre RGY Te a(y-Tc) 
xb-b xb(xb+b)+b:(xb—b) 


Da(y Tc) RE | xb (1 ғар) b 


=н 5 ШЕ ie ДБ E NE - DELSi 





H pi RGyTe] 2.80 |+ (1-р) 
Ү:= FIND(x y) Y- 150.89161 
5.27265 
У [Y У= 2231510 3 om Tf = Y, Te Tf = 27.36506*K Final temperature 
zt РЕМ ур- 105794 


RGT 
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Tei aTh -a(T) | zee (1+5) OPE 
DelHf :=RE-Tf-(Zf- 1) E 2-3 n ROL 


22.5 zi+ (1- 4o) uou 


DelHf = 11.61232 *joule 


Uf - Ui = (Hf - ZF*R*Tf) - (Hi - Zi*R*Ti) = Hf - Hi - Z*R*Tf + Zi*R*Ti 
= (Hf-HfIG) + HfIG -(Hi - НПО) -HiIG - Zf*R*Tf + Zi*R*Ti 
= DelHf - DelHi + Cp*(Tf-Ti) - Z*R*Tf + Zi*R*Ti 


DelU := (DelHf - DelHi + Cp.( Tf — Ti) - 7Ё-КЕ-ТЇ+ Zi RE Ti):.N 


DelU = ~2.08062*10° “ше 


ое 2905 TNTeq = 045231*kg 


4600000 Soule 


kg 


4.49 (also available as a Mathcad worksheet) 


PENG-ROBINSON EQUATION OF STATE CALCULATION Nitrogen 


The Property Data should be as follows 

Tc (in K), Pc (in bar), omega, Tb (in K) 

Cp1, Cp2, Cp3, Cp4 (In eqn Ср=Ср0+Ср1*Т+Ср2*Т^2+Ср3*Т^3) 
Tref (in K), Pref (in bar) (reference conditions) 


Note that in the 1st and 2nd printings, carbon dioxide was used as the fluid. This gave 
unreasonable answers when this problem was revisited with the Peng-Robinson eqn. 

of state, as both the initial and final states were found to be in the liquid state. Therefore 
from the 3rd printing on, the fluid has been changed to nitrogen. 


1:=0,1.3 R :=0.00008314 
Cp,:-28.883 Ср, :=-0.157-1072 | Ср,:-080840” Cp, :=-2,871-10° 
Tc:21262 Рс: 3394 ош: 004 


РАО: с, kap :=0.37464+ 1.54226-от- 0.26992-om-om 


2. 2 
RTe oacis045p4 С 
Рс РС 


Peng-Robinson Constants: b := 0.07780. 








Solutions to Chemical and Engineering Thermodynamics, Je 


Input temperature and pressure of calculation Т:-29815 К, P:-140 bar 





2 
alf(T) :=1-] 1+ Кар-|1 - аг a(T) :=ac-alf(T) CA(T,P) = ӘСЕ CB(T, P) EP 
Da( T) :: S a(T) 
dT 
Z(T,P) : | AA CA(T, P) 
B- CB(T, P) 
-(A-B- в2- B?) 
5 Vector of coefficients т the PR equation 
we] A- 3B -2B in the form 
-(1- B) 0z7-(A*B-B^2-B^3)*(A-3*B^2-2*B)'Z-(1-B)Z^2*Z^3 
1 
ZZe polyroots( V) Solution to the cubic 
for ie 0.2 


(zz. 0) if (Im(ZZ)) #0) 
Set any imaginary roots to zero 

ZZ<— sort(ZZ) Sort the roots 
: -5 
Бал if ( 2% k 19 ) Set the value of any imaginary roots 
и: " ( 22, k 10°) to value of the real root 


ZZ 


Calculate molar volumes 
Z(T,P))RT 


1 Z(T,P), RT 
VI(T,P) : — — © 10 УУ(Т,Р):-----2- 
Р 


10? 


Fugacity expressions [actually In(f/P)] for the liquid fl and vapor fv 


f T, P) := (ZCT, P), — 1) - In(Z(T, P), - CBT, P)) – 
i ) ( d ) 2-{2-СВ(Т,Р) ЖТ,Р),+ (1-4) CBCT, P) 


СА(Т,Р) Z(T,P), + (1-42) “СВ(Т,Р) 
fvCT, P) te (ZCT. P), - 1) - In(Z(T, P), - СВ(Т,Р))---2--2-2----4------- 
24-СВ(Т.Р) ZT, P), + (1-4) свст.р) 
phil(T, P) :z exp(fl( T, P)) phiv(T, P) :=exp(fv(T, P)) 


fug T, P) :=P-phil(T, P) fugv( T, P) :=P-phiv(T, P) 


Solutions to Chemical and Engineering Thermodynamics, 3e 
Residual entropy for liquid (DELSL) and vapor (DELSV) phases 


Da(T) | Z(T,P) y+ (1-4) 'CB(T, P) е 


24225 |2(Т,Р) + (1- b) .CB(T, P) 





DELSL(T, P) := RAn(ZCT, Р);- СВ(Т,Р)) + 


242b. Z(T,P),+ (1 = J2) .CB(T, P) 





DELSV(T, P) := Rn(Z(T, P), - CB(T,P)) + 


Residual enthalpy for liquid (DELHL) and vapor (DELHV) phases 


T-Da( T) - a( T) A Z(T, P) + (1-4) “СВ(Т,Р) 18 


DELHL(T, P) : 
2-2-b Z(T, P) + (1- b) “СВ(Т,Р) 


RT (Z(T, P),- 1) + 


T-Da(T) - (Т), Z(T, P), + (1-40) ‘CB(T, P) E 


DELHW(T, P) := RT (ZCT, P), - 1) + ан Эх AM эдэд 
24|2-5 Z(T,P),+ (1- b) -CB(T, P) 


Ideal gas properties changes relative to the reference state 


иа тз? Cp, (- Trs?) бут Ts ) 
—— 4 + —————— 


DELHIG(T) = Cp, T - Trs) + 
3 4 


T = Тез?) Cp, (17 = Trs?) 5 Р 
DELSIG T, P) =o nf) %Ср,(Т- Тиз) eo e m R-10 ЦЭ 
18 8 


Total entropy and enthalpy relative to ideal gas reference state 


SL(T, P) := DELSIG T, P) + DELSL(T, P) SW T, P) := DELSIG T, P) + DELSW T, P) 


HL(T, P) := DELHIG(T) + DELHI T, P) HV(T, P) :=DELHIG(T) + DELHV(T, P) 
SUMMARY OF RESULTS 


Т=29815 К Pressure, Баг P= 140 
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LIQUID 


Compressibility Z(T, P), = 0.99907 


Enthalpy, J/mol HIXT, P) = 79620674 
Entropy, J/mol K SL(T, P) = 741.04818 
Fugacity coefficient phil( T, P) = 0.97024 
Fugacity, bar fugl( T, P) = 135.83299 


Volume, m^3/kmol VIX T, P) = 0.17689 


2 
Number of moles initially N [eco] i 
УУ(Т,Р) 
Tf :- 100 Pf :- 1.103 
Given 


SW Tf, РҒ)=- 41.04818 А 


ТЇ = 69.36841К Pressure, bar РЁ = 1.103 


LIQUID 


Z(Tf, PD), = 5.61855-10 7 


Compressibility 


Enthalpy, J/mol НИТЬ, Pf) = -1.16967- 10% 


Entropy, J/mol К SL( Tf, Pf) = 7114.62977 


Fugacity coefficient phil( Tf, РЕ) = 0.31698 


Fugacity, bar fugl( Tf, Pf) = 0.34963 


Volume, m^3/kmol МГЦ TÉ, Pf) = 0.02938 


0.17689 


U(T, P) :=НУСТ,Р) - 140: 
100 


UCT, P) = -96.45439 





U( Tf, Pf) := HV( Tf, Pf) – оз 2778 
1 


W :=М.СОСТЕ, Pf) - U( T, P)) W = 7625.17152 
GM. 
` 4600 G= 0.13591 grams of TNT 


U( Tf, Pf) = -5.96317*10 


VAPOR 
Z(T, P), = 099907 


HW(T, Р) = -96.20674 
SV(T, P) = -41.04818 
phiv(T, P) = 0.97024 
fugv( T, P) = 135.83299 


VV(T, P) = 0.17689 


М = 0.10656 


Tf = 69.36841 


VAPOR 

Z(Tf, Pf), = 0.94081 

HW( Tf, Pf) = —5.96312*107 
SV(TE, Pf) = -41.04818 
phiv (Tf, Pf) = 0.94395 
fugv( Tf, Pf) - 1.04117 


VV( TE, Pf) = 4.91926 
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PENG-ROBINSON EQUATION OF STATE CALCULATION Carbon dioxide 


The Property Data should be as follows 

Tc (in К), Рс (in bar), omega, Tb (т К) 

Cp1, Cp2, Cp3, Cp4 (In eqn Ср=Ср0+Ср1*Т+Ср2*Т^2+Ср3*Т^3) 
Tref (in K), Pref (in bar) (reference conditions) 


Note that in the 1st and 2nd printings, carbon dioxide was used as the fluid. This gave 
unreasonable answers when this problem was revisited with the Peng-Robinson eqn. 

of state, as both the initial and final states were found to be in the liquid state. Therefore 
from the 3rd printing on, the fluid has been changed to nitrogen. 


1:=0,1.3 R := 0.00008314 
Cp, :=22.243 Ср, :=5.97710° Ор, :=-3.499-10° Ср, :=7464-10° 
Тс :=3042 Рс :=7376 от:=0.225 


За ЖАО kap :=0,37464 + 1.54226-от- 026992-отот 

2 2: 

ETC ac :=0.45724. T€ 
Pc Pc 


Peng-Robinson Constants: b := 0.07780: 








Input temperature and pressure of calculation Т:=298.15 К, P:-140 bar 


2 
ант) “еше Ej a(T):sacal(T) СА(Т.ру:-2 СО? ggg pj - Ph 





Da(T) := ат) 
ат 


Z(T,P) :: |А<СА(Т,Р) 


Be- СВ(Т, P) 
-(a-B- в? в?) 
2 Vector of coefficients т the PR equation 
у-| ^-3B -2B in the form 
-(1- B) 0z7-(A*B-B^2-B^3)*(A-3*B^2-2*B)'Z-(1-B)Z^2*Z^3 
1 
ZZe polyroots( V) Solution to the cubic 
for ie 0..2 


(22,- 0) if (Im(ZZ,) #0) 
Set any imaginary roots to zero 
ZZe sort(ZZ) Sort the roots 


А -5 
ав р ( = k 0 ) Set the value of any imaginary roots 


Zr ca. if ( 22: | 10°) to value of the real root 


ZZ 


Calculate molar volumes 
Z(T, P); RT 


: Z(T,P),RT , 
VI(T, P) : — — © 10 VWCEP)n 2-2 10 
P 
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Fugacity expressions [actually In(f/P)] for the liquid fl and vapor fv 


A(T, P) :=(Z(T, P),- 1) - n(Z(T, P),- CB(T.P)) - 24 СВ(Т,Р [zer a (1-4) ener р) 
j 227 B | | 


fv( T, P) := (2(Т,Р),- 1 = In(Z(T, P), - CB(T, P)) т ac a || uu а 
24|2-СВ(Т,Р) z T, P), + (1-42) свєст,р) 
phil( T, P) :zexp(fl( T, P)) phiv(T, P) :z exp(fv( T, P)) 

fugl T, P) :z P-phil( T, P) fugv( T, P) :z P-phiv( T, P) 


Residual entropy for liquid (DELSL) and vapor (DELSV) phases 


раст „| ZT Pot (1 +42) свет, P) 








DELSL(T, P) := R-In(Z(T, P), - СВСТ,Р)) + 0 
2.^/2.6 ZT, P), + (1-42) CBCT, P) 
раст), | P, (1-0) -CB(T, P) : 
DELSW T, P) := R-n(Z(T, P), - CB(T, P) + Е c PT) 
242. b z T, P), + (1-4) свєст,р) 
Residual enthalpy for liquid (DELHL) and vapor (DELHV) phases 
| Ж Z(T, P), (1-42) .СВ(Т,Р) 
DELHI(T, P) := RT (Z(T,P), - 1 PEDADA as zo Pel edo) ccr. 10> 
2442-9 ZT, P) + (1-4) CBT, P) 
А _ 7(Т,Р)„+ \1+^/2/.СВСТ,Р) 
DELHW(T, P) := RT (CT, P), - 1) «RD Das ZTP), + (142) co m 10° 


242-b Z(T, P), (1-2) свет, P) 


Ideal gas properties changes relative to the reference state 


Cp, (^- Trs?) Cp, (T° - Trs?) Cp, (1^- тєв) 
— a 


DELHIG T) := Cp (Т - Trs) + 
3 4 


Cp, (^- Tis?) быш Trs?) 
м 


DELSIQ T, P) S + Cp, (T= Тз) + : 
IS 


_ R-10)-In VES 
Prs 
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Total entropy and enthalpy relative to ideal gas reference state 


SL(T, P) := DELSIG( T, P) + DELSL(T,P) SV(T,P) := DELSIG(T, P) + DELSV(T, P) 


HL(T, P) := БЕІНІС(Т) + DELHL(T, P) HV(T, P) ‘= DELHIG( T) + DELHV(T, P) 


SUMMARY OF RESULTS 


Т = 298.15 К Ргеѕѕиге, Баг Р = 140 
LIQUID 
Compressibility Z(T,P), = 0.29126 
Enthalpy, J/mol HL(T, P) = -1.03464*104 
Entropy, J/mol K SL(T, P) = -67.27151 
Fugacity coefficient phil( T, P) = 0.365 
Fugacity, bar fugk T, P) = 51.09983 
Volume, m^3/kmol VL(T, P) = 0.05157 


3.1416-:01)2..06] 


Number of moles initially М:= | 1000 
УЦТ,Р) 


Tf := 50 Pf := 1.013 


Given 


SECTEPOSSELT, P) Tf := find( Tf) 


Tf = 277.04181 K Pressure, bar Pf = 1.013 
LIQUID 
Compressibility Z(Tf, Pf), = 2.52794-10 7 
Enthalpy, J/mol HL(Tf, Pf) = -1.10995- 10* 
Entropy, J/mol K SL(Tf, Pf) = -67.27151 
Fugacity coefficient phil( Tf, Pf) = 26.04907 
Fugacity, bar fugl( Tf, Pf) = 26.3877 


Volume, m^3/kmol VIA TÉ, Pf) = 0.05748 


VAPOR 
Z(T,P), = 0.29126 


HW T, P) = -1.03464- 10^ 
SV(T, P) = -6727151 
phiv(T, P) - 0.365 
fugv( T, P) = 51.09983 


УҮ(Т,Р) = 0.05157 


М = 0.36552 


Tf = 277.04181 


VAPOR 
Z(Tf, РР), = 0.99308 


HW( Tf, Pf) = 93.98326 
SV(Tf, Pf) = 0.2929 

phiv(Tf, Pf) = 0.99311 
fugv( Tf, РР) = 1.00603 


УҮ(ТЕ, Pf) = 22.58025 
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U(T, P) ‘=HWT, P) 


U(TE, Pf) := НУСТЕ, Pf) 


UCT, P) = 1.03464 10+ 


U( Tf, Pf) = 93.98326 


W :=N-(U(TE, Pf) – U(T, P)) W = 3.81613-10° 
Gis 
| 4600 G = —0.82959 grams of TNT 


Note that this answer does not make sense. The reason is that with carbon 
dioxide, but the initial and final states would be liquid. Therefore, carbon 
dioxide is a poor choice of fluid for this problem, and also problem 3.44. In 
the third and later printings, nitrogen is used. 


4.50 


4.51 


We start from 
ra 
dS =CydT+|—| dV 
5- trs (7) av 


Since the entropy at 0 К is not a function of temperature, it follows that Су- 0. 
Also, since the entropy is not a function of specific volume, it follows that 


Gr)" 
aT hy 


However, by the triple product rule 


БШО 
SION 


but from the thermodynamic stability condition 


(=) <0 
97 ) 


which implies that 


(=) =0 and «= (25 =0 
ЭТ р У \ЭТ/ь 


Rewrite the Clausius equation as 


у= КТ Then (4) 22 
-P ar). T 


oy . 
EJ = 0 (which means Ср is independent of pressure and equal to Cp) 
P 


=b 
P 


and V -T (=) 
ш oT 


a) Therefore 
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D Р, 
АН=Н(Т,,В)- HT, P) = | G(DaT + |БаР-0 ог 
1 Р 
Е (225 pa Yom NETS 
OT, - 1) 702 710) 03 - T) (S - В)=0 
is the line of constant enthalpy. 
b) 


Do Р, 
А8-5Т,Р,)-5(1,8)- [ат | [52 
n B 


| АР — 0 
NOT Jp 


Т Р, 
Е [2и [&ap- 0 
1 T n^ 


or 


T vum. 42 P, 
adn + (XT, -T,)++(G - T^) - RIn22-0 
T, а P 

is the line of constant entropy. 


c) For the fluid to have a Joule-Thomson inversion temperature 


= (2) must undergo а sign change. However 
H 


oP 
з | RT R 
V-T = ZL-.b-T- 
ӘР Jy Ср Cp Cp 
This is always negative, so the Clausius does not have a Joule-Thomson 
inversion temperature. 
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5.1 


(also available as a Mathcad worksheet) 
(a) G=H-TS at P=25 MPa and T = 22399°C = 497.14 К 


GY = HY - T$" =28031- 497.14 x 62575 = -3078 J/g 
"= И"-Т5" = 962.11-49714 x 25547 = -307 9 J/g 


equal with 
|е ассигасу 


of tables 
GL 
-3141 J/g 
—4725 
—799.1 
-11362 
—1482.7 


(Мое: АП Gibbs free energies are relative to the internal energy and entropy of the liquid phase 
being zero at the triple point. Since A’ ~U*, and G- = H* - TS-, we have that G’=0 at 


(D т°с) тю AY = 25" 
225 498.15 28063 - 49815x62639- 
250 52315 28801 - 52315x64085- 
300 57315 30088 - 57315х6.6438- 
350 62315 31263 - 62315х68403- 
400 67315 32393 - 67315x70148- 
the triple point.) 

(с) тес) TE) Е - TS} 
160 43315 67555 - 43315x19427- 
170 44315 71921 - 44315х2.0419 = 
180 45315 76322 - 45315x21396- 
190 46315 80762 — 46315х22359- 
200 47315 85245 - 47315x23309- 
210 48315 89776 - 48315x24248- 

RESULTS 
(d Тес) 150 160 180 


GV 
-1659 J/g 
—185.7 
—2063 
-2279 
-250.4 
-2138 


200 220 224 


V(m*/kg) 0.001091 0001102 0001127 0.001157 0001190 0001197 


TCC) 


225 


250 


300 


350 


to 
0.07998 


400 


V(m°/kg) 0.08027 0.08700 009890 010976 012010 


(e) Will compute Cp from Cp | 


AT 


AT 


x _ É(T * AT)- AD) 
P 
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TCC) 150 170 180 190 200 210 224 
4.6225 


Cp(kJ/kg К) 4.328 4.392 4430 4472 4518 4572 to 
3.200 
TCC) 250 300 350 400 
Cp(kJ/kg К) 2.952 2574 2.350 2.260 
These results are plotted below. 





45 


5.2 


$? соо 450 Зоо 350 «ес 


х 
ч 


4 
x 


ТО £00 25? Joo 552 чоо 


7(°с) 


dU dV 
Closed system energy balance: — = Q- P—— 
y gy di Q P7 
dS О . 
Closed system entropy balance: um. - 2. Sgen 


(a) System at constant volume and constant entropy 


o and a _0 
й dt 


dU 2 О Я : s 
mL CE and ЗЕ Sgen > О = -T Sgen 
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and е a T»0; Soen 20 
dt 


dU Кк ЦЭ 
= FH <0 or U = minimum at equilibrium at constant V and S. 
t 


(b) System at constant entropy and pressure again О = -TS еп : 


Now 48 ates РАЙ Я ру), Thus 
dt dt dt 
dU dV d 
— = Q- P—=-TS,.,-—(PV) 
dt 9 dt 5 
апа 
аи а а ан . 
—+— (PV) = — (U + PV) = — = -TS gen S0 
dt dt dt dt 


Therefore, enthalpy is a minimum at equilibrium at constant 5 and P. 


5.3 (a) The condition for equilibrium at constant T and V is that the Helmholtz free energy A shall be а 
minimum. 
i) Equilibrium analysis (following analysis in text) 


I I I 
ue - (325) ШИЕ Еа ам! 
9T Jy u DV 9M Jr, 


but dT! — 0, since temperature is fixed, and 


I I 
34: --Р and (247 = б! 
oV тм ӘМ Pr 


Thus, following the analysis in the text, we obtain 











dA = -(P! - Pay! + (6! - G" aw! = Р! = Р" ana G! - G" 


i) Stability analysis: 
Here again we follow analysis in Sec. 5.2—and find 


24: A= Ayy(dV)^ +2.Аум(4УХаМ) + Ay (dM) > 0 
This can be rewritten as 
5424 = ©, (dx) +60, (ах, > 0 
where 


dd oue АумАру = Ам _ | Ам 


ММ” 
Ауу Ауу 
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and 





A 
dx, = dV +—“dM , dx, = dM 
VV 


Thus, ©, > 0 and O, > 0 


Ә?А d дА d ӘР 
КИСКЕ 
ду? м Р ЧЭ Лл м OV lag ӘРІ су 


ӘР : 
or | — € 0 as previously found 
OV м 


2 


А 
Ө, = Aum = ҮМ > () 
4, 


V 
ХОР" 4 -2 (24 ap) | 
Y (әу), ӘМ\ӘУ (Әм), 
Эд 
B 


9 (24) | 
Му oM 5 Ёс 
Now be Eqn. (4.8-17) оп a mass basis 
ӘС) 1 (әс _@ 
әм}, м|\әм}, 


А = ——— 
ММ E! 
Also, dG = VdP— SdT + бам = ыг =V эг +С апа 
oM Т, М Т, 











$0 
P - (22) “ЇНөг/эм),Д 
мм Ay ЭМ), -(ЭР/ЭГ) и 
и 
ЭМ ТУ ӘР T,M дм ТУ 
_ [ЭР Р oV by the triple product 
Әм}, 9 M J, , |rule; Eqn. (4.1-6) 
Since 
9?) р, uu se, =0! 
ӘМ),, GP ue n 


(b) The Gibbs free energy must be a minimum for a system constrained at constant Тапа P 
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i) Equilibrium analysis 


I I I 
ас! 488) МЕЙ aaf a ам! 
oT Р,М ЭР Т,М oM Т.Р 


Since Т and P are fixed, 











I 
dG! = Шы dM! = Сам! 
Әм T,P 


Thus 
dG = (6 - 6")ам' =0 au G'=G" 
ii) Stability analysis 


1 2 2 920 2 
—4°С = dMy = M 
2 С = Сим(аМ) 358) м ) 0 





Now 


2 ^ Eqn. л А А 
Е 2 425 d x as] -01-48-4 
oM Ë M тө 4910 М M TP M 


Thus Сим = 0, and stability analysis gives no useful information. 





5.4 (а) At constant M, T and V, A should be a minimum. For a vapor-liquid mixture at constant M, Т 
and У we have: 


A= Аб+ А“ 
and at equilibrium dA = 0 = dA’ + ААУ. Thus 


dA = 0 = [- P-qy* - Кати + Сам + [- P" av Y - sYar" + Сам”! 


but 


M = constant 2 dM' + dM” = 0 огам" =-ам* 
V = constant = ФУ + АРУ 20 or dV- = -dVV 

Т = constant = dT" + dT" =0 

= dA = -(P* - Pav" + (G - GY dM =0 


Since dV" and dM" are independent variations, we have that 
РГ = РҮ; and GL = GV 


also T- = TV by constraint that Tis constant and uniform. 
(b) At constant M, T, and P, С = minimum or dG =0 or equilibrium. 


dG = [V "ар" — ‘ати + G'aM "Ve [v Yap – 8'аТҮ + GYaMY] 
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5.5 


5.6 


5.7 


and М = constant 2 dM" --аму 
Р = constant > dP.- = АРУ = 0 
T = constant 2 dT’ = dT" =0 
= dG = G aM" + G' dM" =(СҮ - G")aM* =0 


ог GL 2 СУ for vapor-liquid equilibrium at constant Т and P. 
(Also, T and P are uniform—this is implied by constraints.) 


From Sec. 4.2 we have 


килы ү а-ә (9? 
ор) ӨЛ) 2-5 T) MOV 


It is the last form of the equation which is useful here now T >0 and (9//9ТУ, 2 0. However 


ӘР 
(25) |} 0 at critical point or limit of stability 


Thus C, > C, in general; except that Cp = Cy 


i) atthe critical point or limit of stability of a single phase. 
ii) For the substances with zero valuer (or very small value) of the coefficient of thermal expansion 


= (MV)(9V /ӘТ) p such as liquids and solids away from the critical point. 


Stability conditions for a fluid are 


Cy » 0 and (22) <0 
OV Jr 


for a fiber these translate to 
С, >0 and oF >0 
ЭГ T 


Now C, = oc ВГ; if Су >0 for all T, then С, >0 at T = 0 implies &>0; Су >0 as T ce 
implies B » 0. Also, (2F/9 Г), = Ү>0 since T >0, this implies y >Q. 








1 22 
dU = Td S- Рау = dS = —dU*—dV 
T "UT 
9 _ РВ 
Thus Eu 423 --. These relations, together with the equation 
ди), (р), ca 
y 
$=5°+ОП = 1 
5-8 y 0) 


will be used to derive the required equation. 
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[Note that Eqn. (1), which is of the form S=S(U,V) is a fundamental equation of state , in the 


sense of Sec. 4.2.] 











as UY 1. 1 
а) |==] =Q—=— =—=— 5 0 = оГ 2 
o (25) il DUM qo M 
95 P 1 p 
b - —. Thus РУ = Вг. 3 
S) |52), T y E rey Б В Su 
[Clearly, the fluid with an equation of state given by (1) is an ideal gas with constant heat 
capacity] 


(c) Stability criteria: 


928 Y (8328) (әз ж аа 08551544 
әшәу) \ә'дә' цә "iau, 














Now 

a 
1 К 5 HR тез for fluid 
M to be 
B - -E< 0= p» 0 | stable 
ҮҮ 
[Note: a В>0 78 problem statement.] 
and 





A ә. 
9097 ӘС | (ӘУ), 90 


Thus, the stability criteria yield 


ðU 
Q= E3 = Су >0 since а and аге positive constants 
y 


from 
Eqn. (2) 


В---- E (7| -0- |22) «0 
ду ӘУ Jr 


Thus, fluid is always stable and does not have a first order phase transition. 


and 


5.8 At limit of stability (0 P/OV), =0 for the van der Waals equation: 


[ers |u- = 


So that at limit of stability 
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5.9 


Thus P= aV —2b)/V° ; or using 











To obtain the envelope, we compute Р, for various values of V, 


V, 10 2 1 08 07 
Р 0.028 0.5 1.0 0.781 0.0343 


Notice, that the critical point (V, =1, Р = 1) is the upper limit of metastability (i.e., Р <1), as well 
as the limit of single phase stability. 


T and P will be taken as the independent variables at a second order phase transition 


Then С=С! E 5! = st ‚ since 5 = (38) 
суи уә =o 2 эт), 
апа 
y! = pt where V = ЕЗ 
ӨР} 


and, of course, T! = T! and Pl = Р!. 
From 5' = S" we have that along the 2nd order phase transition curve that 45' = d$" or 


I I II II 
PM dT + Эв АР = 95. dT + 23 АР 
oT p ӘР А ӘТ " ӘР а 








Т Т 
Thus 
(22) : C - C i 
ӘТ аә ТӘУ Jor), -(av"/or) | 
Similarly, equating d y = gy" yields 
I I П п 
зі ШЕЗ (| ШЕТ | ap 
ЭТ J; dP), ӘТ ур dP j; 
Thus 
=. AEREE on 
dT 


wa (ӨР /ӘР) -(ov"/oP). 


However, since y = y" , we can divide numerator and denominator by V and obtain 
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(22) К aod 35 
oT bm K7 =. T 
curve 
Note: The Clausius-Clapeyron equation is 
ӘР Н!-Н" 
Т эт along = E DI (3) 
Т transition Lá -V 


curve 


However, this form is indeterminate for a 2nd order phase transition. Applying L’Hopital’s rule to 
eqn. (3) taking derivatives of numerator and denominator with respect to T at constant P 


2 22: -— 
or Р-р Which (1)! 
an (av'/ar)-(av"/o Т) which is eqn. (1) 


curve 


Similarly, applying L’ Hopital’s rule, but now taking derivatives with respect to P at constant 7. 





ӘР (ән (әр) -(9н"/9Р), 
ao | (ӘР /ӘР),—(ӘУ“/ӘР), 
_ yi -T(av' for). -v* «r(9v' far). 
I П 
(97'/эР),- (ov^ Jor). 
but V! = V" so that 
I II 
5 (82) = (av'/er) - (av"/or). 
ӘТ е. (OV /ӘР) - (aV /әр), 
which is eqn. (2a)! 
2 2 5 
5.10 (а) (22), АН аР | Hy-Hs | 335х107 J/kg 
dig ТАР dint Ñ -Ñ -0000093 m/kg 


curve 


=-361x10° J/n? 





E J/m? = -361x10? Ра Р,— P, = -361x10? шш. 
ашТ Т 
-2985 x10 !? 
or 7; - 1 Ете 2 
АТ 
(b) са _ АН. but Ай-у!-2- 
dT iion TAV P 


curve 
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(c) Denver: B= 846х 107 Ра 


Т) =273.15ехр|-2.985х 107“ (846х 10" — 1.013 x 10°)} 
= 273.15 К = 0°C (freezing point essentially unchanged) 





1 8.314x10° 846x104 
: 2 IRI _. 


-І 
a 4 ——In———~ | =36808 К =94.9° С 
37315 2255x10°x18 1.013х10 
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5.11 This problem involves the application of the Clausius-Clapeyron equation. We will assume that the 
heats of fusion, sublimation and vaporization are all constant. Thus we will use 
Р AH(1 1 
—®—=-—=|——— | іп all cases. Now AH"? = AH™ – АН. To calculate АН“? we 

nc qe A cM че - 


will use the following sublimation data: 





State 1: Triple point; T= 112.9°С = 386.05 К; Р= 1157 x10* Ра 
State 2: T=1054°C =37855К; P=8.00x10° Pa 


1157 x 10* АН" 1 1 
In 222242 |= 0369 = --=— ux а 
800х10 В 38605 37855 


= АН“ = 5980 x10^ J/mol 
AH™ = 1527 x10* J/mol = АНУ”? = (5980 – 1527)х 10° 
= 4.453х10* J/mol 


and AH"? / К = 5356 К. То find the normal boiling temperature we again use Clausius-Clapeyron 
equation. 





i 1013x10 | -4453х10(1 1 State 1 =T. P. 
Pa е ЗО РУ ааыа ИЕ 

1157 x10* 8314 T, 38605) State2 = N.B.P. 
= Т, = 4577 К =1845°C 


Experimental value —183?C ; difference due to assumption that АНУ? is a constant. 


5.12 (a) Atequilibrium P*'(ice) = P" (water) 
Equating the In P** 's gives 


28.8962 — 





= 263026- 


14.01 432. 
8 = пола T =273.1°C 


апа 


1401 
In P™ (ice) = 288962— M 64096 = P* = 607.7 Ра 

















B 
(b) In P= A—— and EE. AH also 
T dT 
CUE cq eA HR 
dT ын 


Thus 


= = 61401 and ДИ® = 5105x10* J/mol 


R ice vapor 


AH = 54328 and АН"! 24517 x10* J/mol 


R water — vapor 


AH™ = АН suu = АН - АН“ = 5.880х10° J/mol 
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5.13 (Also available as a Mathcad worksheet. The Mathcad solution includes graphs.) 


(a) Use the Clausius-Clapeyron equation 


AH"?  In(B/P) 
R Үт-үт, 





1 
Plotting In P vs. E and graphically taking slope, I find ЛА"? ~ 42700 J/mol . 


(b) The vapor pressure is low enough that the ideal gas approximation should be valid—thus 





din P? АшР ? AH"? 
dT AT RT? 


either graphically or analytically, we find 
АН“ ~ 313,600 J/mol 


5.14 (a) Start with Eqn. (5.4-6) 
P Р 
f = Рехр = (0-8) жа ЫЙ ІШ 
RTU P P 


d(PV) ар а2 dy 


———=$ 


РР у Z V 





1 
but —dP = 
Р 


or 


ү 
1 RT 
i eidem ——- PV (Eqn. 5.4-8) 
P RT AL 


V 
mL Bai EL (аг ат ат Ys 
РГ ү) ТИЦ V VEM. 
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(c) | vdW e.o.s. 

















_RT a, мм РИ У а 
y-b y? RT V-b V?RT 
V V V 
= (RT [Ат RT - 
Ц2- ре- ДЕ +} ат = -8 
V=% y y- ME ese Ж V lys 
zia Eee 
V-b V 
$0 
vdW 
in “үрээг B —]nZ 
P YV -b V 
Pb RT P 
м-р) y xr +(Z-1)-InZ 
RT) RT PV RT 
A 
=(Z-1)-—-1In(Z- B) 
Z 
Pb 
where 4 = 


P 
z and В = 
RT) RTO 
(d) Peng-Robinson equation of state. Start with 


E (RT E [RT RT a 
J |=-P = | |L——————————á ar. 
AU LK V-b VU b) kV —b) 


M deo. 
jen 
+12} 








= —— 


[See solution to Problem 4.2 for integral]. Therefore 


у?" 7 T Y e (ie 2} 
1 Z-1)-InZ+1 ІН БАЙ адаа dd 
5 шеш TECH. a «(1-42 


=(Z-1)-In(Z-B 2 са „и 
x = 2N2bRT у-(--2) 





5.15 (а) fci Г“? =P(f/P), where the fugacity coefficient, //Р will be gotten from 


corresponding states. 


20 
К. н, = 8942 bar 2 Р. = ТТТ) = 02237 
Te y.s = 3732 К > T, ~ 255+ 27315 08002 
ub 3732 


Zc,n,s = 0284, which is reasonably close to 0.27 
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From Fig. 5.4-1, £- 0765, fa, s =20x0765 =153 баг. 


(b 


— 


For a liquid, from Eqn. (5.4-18) 


uf (812 
f=P (2) | fe 


ре 


Since P“ —6455x 10? Ра at the temperature of interest, we will assume that (//Р) 


sat 


Also, we will consider the liquid to be incompressible. Thus 


P P vap 
V V Р-Р 
-— dP = = f dP = | ) 
ру» RT RT pu RT 
and 
er 018(Р-64 
Ja s = P expl Hrer ) = sassen 0. zd 5 act | 
: RT 8314 x 10? x 310.6 
so that 
Pressure, Pa Ж, Ра Reported 
Р-10х107 6,921 6,925 
50х10” 9,146 9,175 
10х 109 12,960 12,967 


5.16 (also available as a Mathcad worksheet) 
(a) There are (at least) two ways to solve this problem. One way is to start from 


= ЖЕР; 
/ = Peso| Еу P №) 
or 


P 
RT 
вт = и 
Р 3 Р 


АТ 8314x10? MPa: m'/mol К х(27315+400)К _ 0.310748 КО 
Р P(MPa) x1801 g/molx 10? kg/g P 


-1. 
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From Steam Tables T = 400°C 


P MPa Г m'/kg V—RT/P 
0.01 31.063 -0.0118 
0.05 6.029 -0.00596 
0.10 3.103 -0.00448 
0.2 1.5493 -0.00444 
0.3 1.0315 -0.00433 
0.4 0.7726 -0.00427 
0.5 0.6173 -0.00420 
0.6 0.5137 -0.00421 
0.8 0.3843 -0.00413 
1.0 0.3066 -0.00415 
1.2 0.2548 -0.00416 
1.4 0.2178 -0.00416 
1.6 0.19005 -0.00417 
1.8 0.16847 -0.00417 
2.0 0.15120 -0.00417 


By numerical integration of this data we find that 


ята ~ —0.0084 MPa -m*/kg 


-0.0084 MPa -т?/к 
mZ 200084 машы уу) 
P 0310748 MPa: m3/kg 


so //Р = 097333 and f —1947 MPa. А second way to use the steam tables is to assume that 
steam at 400°C and 0.01 MPa is an ideal gas. From the steam tables, at these conditions, we have 
Н = 32796 kJ/kg; 5-96077 kJ/kg К 
= б = Н – TS = 3279.6—67315х9.6077 = -31878 kJ/kg 


= -574127 kJ/kmol = С(400° С, 0.01 MPa) = G'*(400* C, 0.01 MPa) 


Also 
2 MPa 
G'S(T = 400°C, 2 MPa) –С'9(7 = 400°C, 0.01 МРа)- [УР 
P=0.01 MPa 


2 MPa RT 
G'°(T = 400°C, 2 MPa) = -574127 kJ/kmol+ | AP 


001 
= —574127 + 8314 11200 = 277603 kJ/kmol 


Also, from steam tables 


G(T = 400°C, 2 MPa) = (32476 -673.15x 71271) x1801 
--2791563 kJ/kmol 
x G-G (27215634277603) 
— = exp =ехр е —— 
Р RT 8314 x 67315 
= 09726 
f = 09726 х2 MPa = 1945 MPa 
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(b) Corresponding states (Т. = 647.3 К, Р. = 22048 MPa, w = 0344) 


(с) 


5.17 (а) 


(b) 


л са ишн on 
6473 22048 





From corresponding states chart (actually from Table in Hougen, Watson and Rogatz, Vol. II, р. 
601) we have 


£- 0983 = f = 1966 MPa 


Using the program PR1 we find 


/ = 19.40 bar = 1.940 MPa 


Comment: The steam table results are probably the most accurate, and the corresponding states 
results the least accurate. Note that with the availability of the computer program PR1, the P-R 


е.0.8. is the easiest to use. The results would be even more accurate if the PRSV equation was 
used. 


Py B С RT BRT CRT. 
Sale dece eap 
RT yy Р VP ШТ PO 
Thus 

PEL B 

RT RT/P + BRT/VP + CRTIV) P+- 

C 
+ 5 +... 
RT/P + BRT[VP + СЕТЈУ2Р+--. 
_ B(P/RT) А С(Р/ЕТ)? 


SS} ------- 
1+ В{ВТ/Р+.-} + CIRT]P 4-1? e. 1-2B[V +- 
Now keeping terms of order 1, B, B? and C only yields 
РУ Р Р РҮ 
---1І-8--(|1-В-----|-64-- 
АТ АТ RT RT 
BP p 
- 2 (c- Pj +... 
RT 


RT 


RT 
Г = ж. В +(C- Pe and pe = ——, Therefore 
v P RT P 


L-ex via [8+ B?) EA Ды 


V-V% =B+(C- Pe and 
RT 


or 
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2 
RM oe ES] 
P RT 2 RT 


We will consider a number of alternatives for using the virial coefficient data. The first is to 
start with Eqn. (5.4-6a) 


ix RT lf 
£ = oo (e - Aue - eva (v - г") (1) 


P 
thus we need to evaluate the integral 1/КТ J(v-r'9. Since the truncated virial equation 
0 


PJRT = MV  B[V? + С[Ү? can not easily be solved for Г as a function of T and P, the 


following procedure will be used: 
i) Choose values of V and compute 


RT B С RT 
Р=——|1+—+—, | and P? 2— 
E НЕ Ё 


ii) Plot Pand Р as a function of V 


iii) Use these two plots to obtain ye and Г (real gas) at the same value of P, also compute 
V(r, P)- V (T, P) 


iv) Finally, use a numerical or graphical integration scheme to get //Р as a function of P 


Same representative values of V — V'? are given below 


P(10 Ра) 1 2 3 4 5 6 7 8 
Ap -r) 0.187 0.180 0187 0.223 0206 0211 0.201 0.180 
mĉ/kmol 

Р(10° Ра) 9 10 П 12 13 l4 15 


Xr -v) 0.1573 0.1384 0.1215 0.1069 0.0944 0.0834 0.0739 
т> Лето! 
Using the data and performing the integration we obtain 


Р(10° Pa) D. 3 5 7 9 10 H B 30 
//Р 0.939 0.822 0.703 0.602 0.527 0.499 0.475 0.439 0.412 


An alternative is to note that dP = (22) dV and, with 
л 


КТ В 
p (i. 2,6) na кешу 
Ж А ӘУ 27 Ёс JE E 
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and 
Р (Р) Р 
1 17 ОР 1 АТ 
име =—— | 52| ar -— [ap 
RT RT oV Ё RTS Р 
0 y) = 0 
V (P) P 
Е 1 2B Р 
= 2 ! (ык 
fh VV V 75 P 
E(my— > x В 
= in| уау) 1 | +2 E J 
R^ F ~ ИР Y(R)) 2 ХУ (Р) V(R) 
се Бан ТЕ ЕЕЕ — 
= Г 
Note: lim V(P,) = ee 
l ш 0) | 
Thus 


/ ЕТ 2В 3С ВТ 2В 3С 
— = exp In — +—+—> 7 =——ехр——+—— 
P DE csse bs ES way 


but PV/RT = 1- B/V * CIV? and 


у ехр(28//-36/299) | exp[-03326/V + 001938/v] 
P  i«B[v«C]V? ——— 1-01663[v +0.01292 У? 
for V in m'/kmol. 


The use of this equation leads to results that are somewhat more accurate than the graphical 
integration scheme. Still another possibility is to use the results of part (a) which yields 


Q) 


^ = exp[-000619 P— 1.0207 x 10? P^] for іп bar (3) 


The results of using this equation are listed below. 
Finally we can also compute (//Р) using corresponding states (Figure 5.4-1). For methyl 


fluoride 7. 2317.7 К апа Р. = 5.875 MPa (note Zç is unknown is Ус has not been 
measured). Thus, 7, — (273154 50)/317 7 = 1.017 , and for each pressure P. can be computed, 
and f/P found from Fig. 5.4-1. 

The results for each of the calculations are given below: 


P (bar) 10 30 50 70 100 130 150 
eqn. (1) //Р 0.939 0.822 0.703 0.602 0.499 0.439 0.412 


eqn. (2) Г/Р 0.939 0.822 0.710 0.607 0.503 0.442 0.416 
eqn. (3) //Р 0.939 0.823 0.715 0.617 0.486 0.376 0.314 


Corresponding 0.96 085 0.72 0.60 047 0.39 0.345 
states Г/Р 


Note that at low pressure, all the results for f / P are similar. At high pressures, however, the 


results differ. Equation (3) is approximate, and probably the least accurate. Equation (2) should 
be the most accurate, except that there is a question as to how accurate it is to use an equation of 
state with only the second and third virial coefficients for pressures as high as 150 bar. 
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5.18 (a) 


(b) 


(c) 


(d) 


Assume the vapor phase is ideal, and that АНУ”? is approximately constant (or an average 


АН“ can be used). 


P АНЯ 
In =--= |—-— (1) 
В ENG m 
(2228) = 1 1 | 
п — a 
1013 К \2220+27315 1780+27315 
АН” 





"PP =352x10°/K ЛН“ =2.93x10* J/mol 


АН“*Р(Т) = H(sat. уар,Т)- H(sat. liq, Т) 
=[H(sat. уар, Т)- Н'°(Т)]-[Н (ва. tiq., D- НТ] 


IG IG 
Е - | F 1 | | 
Tc sat. vap, T Т sat. па. T 


T | 200-2731 
jactu eue SES 345 = 0851 
To 2831-27315 


нен нон 
=—— = 506 J/mol К and | ———— 
Tc sat. vap 


7,-0851 


| = 44.69 J/mol K 
C sat. liq. 


АН“(Т) 255645 K[44.69 — 506] = 2205 х10* J/mol 


The reason for the discrepancy is probably not the inaccuracy of corresponding states (since 
Де = 0272 which is close to 0.27) but rather the assumption of an ideal vapor phase in the 


Clausius-Clapeyron equation. We correct for gas-phase nonideality below. 


at T = 178°С 
Т = 222°С 


‚ T «0811, Z- 082 
‚ T, 20890, Z- 0.71 
The average value of the compressibility is 


= d 
Z- 2082 0.71 = 0765 


We now replace eqn. 1 with 


2 vap 
n- А 111) AH? = 0,765x (293x10* J/mol) 
Hmc ye 


-224x10* J/mol 


which is in much better agreement with the result of part (c). A better way to proceed would be 
to compute the compressibility as a function of temperature, i.e., find Z= Z(T, P) and then 
integrate 

аР_ AH®P 

dT 7(Т,Р)ВТ? 
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rather than use an average value of Z, i.e. Z. 


5.19 Basis: vessel volume 1m? (cancels out of problem) 
x — fraction of vessel filled with liquid water 





1— 
М= total number of moles of water = oe ыл (рег 1 m? of vessel) 


ve y’ 


1) Total number of moles same at all conditions 
2) xis the same at initial loading and at critial point 


State 1—low pressure y" >> ve 














State 2—Critical point y V = үсә № +—=— but 
Ус Ke Ve 
yL 
М = М,->-р--- of x= 
c Ус 


(a) Using steam tables 


V*(25°C) = 0001003 m?/kg; У = 0003155 m?/kg 
001 
х = 03179 
0.003155 
=> Initial fill should contain 31.79% of volume with liquid (which was reported in the Chemical 


and Engineering News article). 


(b) Peng-Robinson equation of state 


хи 


V (25°C) -02125х 1075 m?/mol 


and the P-R equation of state predicts Zo = 0.3074 (solution to Problem 4.110) so 


_ ZQRT, _ 03074х 8314 ж10 5 MPa m?/mol К x647.3 К 


и 
< R 22.048 MPa 
= 075033х107* m?/mol = x = 02832 


or an initial fill of 28.32% of volume with liquid. 


5.20 (а) One theory for why ice skating is possible is because ice melts due to the pressure put upon it 
under the ice skates, and then refreezes when skate leaves and the pressure is released. Skate 
actually moves over a film of water on the sheet of ice. To find the lowest temperature we use 
the Clapeyron equation to calculate the change in freezing point as a result of the applied 
pressure. Properties of ice: 


р = 090 g/cc = V* 2111 cog 


АА" = АНУ — АНУ = 28348 25013 = 333.5 J/g (at 0.01°C) 
(Appendix III) 
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(b) 


(c) 


ӘЛІ? АЕ Or 3335 J/g 
OT), ТАЎ ӘТ 27315Кх(1-111) cog 
--1110 J/cc K = -111.4 bar/K 


or Ей ~ —00090 K/bar = АТ--0.009 K/bar (AP) 


Assume 70 kg person on 0.6 сп? skate area (well sharpened) 


70 
AP =" =1167 kg/cm? x 09807 bar/kg/cm? = 114.4 bar 
= АТ = -103*C 


assuming skate makes complete contact with ice. If the surface is irregular (as it is) maybe 
contact only over 10% of area. In this case AT=—93°C. My observation in Minnesota was 
that it was possible to skate down to --209С (5% contact area??) Of course, the 
thermodynamic model for this process may be incorrect. Other possibilities include the melting 
of ice as a result of friction, or by heat transfer from the skater's foot to the ice. I believe the 
thermodynamic theory to be the a reasonable explanation of the phenomena. 

Since АН" »0 and ДИ >0 for CO, and most other materials, freezing point will be 


elevated not depressed. Liquid film can not form and ice skating is impossible. 
More difficult to quantify. Similar to (a) for freezing point depression, which on release of 
pressure causes refreezing and formation of snowball; but in this case there is also considerable 
heat transfer from the hands to the surface of the snowball that causes melting. 
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5.21 (also available as a Mathcad worksheet) 





5.21 
From Eq. 5.7-4 = AT=AP*AV*T/AH bar :=10°-Pa 
3 
Water 1000-bar: | 0.0906: цэ :273.1-К 
АТ----- 8 Ат=-7412*К 
333 g Joule 
g 
3 
хасахад motae [pnis ag :289.8-К 
в’ АТ-2472К 
187 Joule 
g 
| 3 
Tin 1000-bar: цэ :505.0-К 
87’ 5. — AT-23352K 
58 c, Joule 
g 
3 
Bismuth 1000-bar: | 0.00342-10 9-2. |.544-К 
АТ:= 8 АТ = -3.53 °K 
52 7 Joule 
g 
5.22 (also available as a Mathcad worksheet) 
5.22 
i:=0.. 10 
R:=8314 
AH(T, a, b, c) =в-|с(т)?+ьт- | 
Ag(s) Tmax ‘= 1234 Tmin :- 298 a:=-14710 — b:--0.328 сі-0 


‚_ Tmax- Tmin e) Tmin 
ажи ад TK АНт, J/mol 


) 
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Ag(l) Tmax := 2485 Ттіп := 1234 a :=- 14260 Ы:=-0.458 
Tmax- Tmin ,. : 
iee Ай Т.К AHsub, J/mol 
BeO(s) Ттах := 2800 Ттіп := 298 а:=- 34230 Ы :=-0.869 
СЕЕ Tmax- Tmin G) + Tmin 


eT 7 LK АНт, J/mol 
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Ge(s) Tmax := 1210 Tmin := 298 а:=-20150 Б :=-0.395 с:=0 
‚_ Гшах- Tmin ,. : 
| . LK AHm, J/mol 
Mg(s) Tmax:- 924 Tmin := 298 а :=- 7780 b :=- 0.371 сі-0 


‚_ Tmax- Tmin : : 
Y; данх (1) + Tmin T, K DHm, J/mol 
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Ма() Tmax := 1380 Tmin :=924 a:--7750 | b:--0612  c:=0 
‚_ Tmax- Tmin ,. Е 
e T, K DHm, J/mol 
NaCl(s) 
Tmax := 1074 Tmin := 298 а:=- 12440 ЫЬ :=-0.391 с:--046107 
y= Tmax- Tmin ci) + Tmin 


i’ 10 T, K DHm, J/mol 








Solutions to Chemical and Engineering Thermodynamics, Je 


Si(s) 
Tmax := 1683 Tmin := 1200 a :=- 18000 b :=- 0.444 с:=0 
Tmax- Tmin ,. | 
б арт ш т, к DHm, J/mol 
AH Y, а,б, с) 
1 
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5.23 


The metal tin undergoes a transition from a gray phase to a white phase at 286 K at ambien 
pressure. Given that the enthalpy change of this transition is 2090 kJ/mole and that 


the volume change of this transition is -4.35 cm3/mole, compute the temperature at which 
this transition occurs at 100 bar. 








From Eq. 5.7-4 AT-AP*AV*T/AH bar := 10°.Ра 
тш 
99-bar-|-4.35-10 9. 286-K 
АТ = ES AT = 5893-10 > +K 
2090000 tle 


mole 
5.24 For the solid-liquid transition 


f f 
ЭР ЧАН as 25 Г аа С зна J/cc 
эт). ТАУ  VOlnT/, АУ 01317 cog 








Кз =9643 1/сс =9643 x106 J/m? = 9643 bar = 9643 x 108 Pa 
n 
eq 


> P= P, +9643x ш-2. 


1 
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TU = Tex — LL | олвтекр 2—19 Pa (1) 
-Т ех = 278.7ех 
ӨР (19.643 хТ0 Ра Plo643x10 Pa 


For the solid-vapor transition, assuming an ideal vapor phase 


sub 
necs ELM 
B R 
АН“ (Р/В) _ In(26.67/13.33) 
R Т, -1/7 3696x107 – 3822 x10? 


nA -ssd -4 
P 2 1 


=-5513 K 





and 


l 1000 


TP 1 a Р 
T =|——01814х10°1п—| = XP Q) 
T В 3696 — 0.1814In( P™ /26.67) 
Solving Eqns. (1) and (2) simultaneously gives 


РТР 20483 bar = 483 КРа and Т1? 22787 К 


[The melting temperature of benzene ~ triple point temperature =553°C 227877 К, which agrees 
exactly with our prediction]. 


5.25 First, at 298.15 K, lets relate the Gibbs free energy at any pressure to the value given at 1 bar. 
1 mol 


12g 





kg g 
(P —1)bar x3510—2 x 1000— x 
m kg 


С ма Q98.15, P) = С jig (298, P= 1 bar) F = 
-5 багш 
8314х10 
шо1К 





х29815К 


1 mol 
12g 





(P—1)bar 2220 58. 1000-х 
m kg 


G,(29815, P) 2G, Q98, P =1 bar) + 

= Е _5 Баг т? 

8314 x10 ^ ——— x 298.15K 
mol K 


Note that 
3 3 
Vue жш е ра a 
3510 kg 1000 g mol mol 
i mph. 1 k À 
О 
78 2220 kg 1000 g ol mol 


Therefore 
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G (29815, P)- G ,(29815, P) = G 4 (298, P = 1 bar) – С, (298, Р = 1 bar) 


3 
(P—1)bar x (34188-54054) x 106 — 
mol 


+ 


3 
8314 х10-5 Dec 
mol К 





х298.15 К 


at equilibrium at 298.15 К we have 
0=2900-0 -(P-1)x8.0143x10? 


Р=1+——299 - 236185x10 bar 36.185 Маг 


80143х 107 


То find the transition pressure at other temperatures we use the Clapeyron equation 


J 
(2) _ AS _ Е Е m T 
sat 


DP AV 3 
У (5.4188-5.4054) x 10 5 2 2 
mol 


P b 
= 1.6928 x 105 — = 16928 227 
K K 


which indicates that for every degree K increase about 298.15 K we need to increase the pressure 
by 16.928 bar. However, this is a small percentage increase compared to the 36.185 MPa pressure 
required at 298.15 K. So the transition is essentially (within engineering accuracy) only very 


weakly dependent on pressure. 


5.26 Mass balance: M, = М; 
Energy balance: U, =U; 
Equilibrium criterion: G 5-СЕ-СУ; also $ maximum 
We will assume the vapor phase is an ideal gas. 
Properties of the triple point (a convenient reference state): 
U (liquid, T = 0°C, triple point) =0 (reference state) 
U(solid, T = 0°C) = -АН(зоНа — vapor) = —335 J/g 


since AV =0 
U(vapor, T =0°C)= АН“? — RT 


= 2530 J/g -8314 x 27315 J/mol қаша 
g 


= 24038 J/g 


Energy content of original system: 
U(liquid, T = -10°C) 20422 J/g? Cx (C10 C) = -422 J/g 
U(solid, T = —10° C) = —335 J/g * 2. J/g? C x(-10?C) = -356 J/g 
О (vapor, T =-10°C) 224038 J/g +Cy(-10°C) where Cy ~ Cp—R 
8.314 
= 24038 + (203-55 10 C) = 2388.1 J/g 


Also, initial specific volume of vapor phase 


RT 8314 Ра: m?/mol K х 263.15 К 
уу = RT _ 8314 Pa mi/mol Kx26315K 7609 m?/mol 


P 287.6 Pa 
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Ratio of mass initially present in vapor to mass in liquid 


V L 5 m 
М“ уе 18x07 m'/mol 9 5719-6 
м" уу 7.609 ш?/то1 


— Negligible mass of system initially present in gas phase! 

Since the initial system is a subcooled liquid + vapor, the following possibilities exist for 
the equilibrium state. 
(1) All the liquid freezes and some vapor remains (1.е., a solid-vapor system at equilibrium). 
The energy released (heat of fusion) would then go to heat the system— Since 335 J/g are 
released, and Cy ~ 422 J/g?C , too much energy is released for only the solid and vapor to be 


present. 

(2) Some of the liquid vaporizes and some freezes, so that a solid-liquid-vapor mixture is 
present. Thus, the system is at the triple point at equilibrium. [The energy released in 
solidification of the water goes to heat the system up to 0°C, the triple point temperature.] 

We will consider this second possibility here; as a first guess, the small amount of vapor will not 
be included in the calculations. 


Let x — fraction of liquid that solidified 


М" = initial mass of liquid in the system 
Energy balance 


M'Ü*(—10* C) = (1- x) M-Ü + (0° C)+ xM "ÜS(09 C) 
—422 J = (1— х)(0)+ х(-335) 
=» x= 0.126 fraction that is solid 


1— x = 0.874 fraction that is Паша 
Now lets go back and determine the amount of vapor in the system 


triple point pressure — 06]1 kPa —611 Pa 


Steam taHes 


As а first approximation, assume that the vapor still occupies about 1/2 of the total volume— 
this is reasonable, since we expect little volume change of the condensed phase due either to 
freezing or thermal expansion. 


MY _ (18x10? ш/то!)х611 Ра 


= 484x10° 
M 8.314 Pa-m?/mol K x27315 K 


If we now include this amount of vapor in the energy balance, it makes only an insignificant 
change in the computed solid and liquid fractions. = We will neglect the presence of the vapor. 
To compute the entropy change, we notice that if we started with 1 gram of liquid, the net 
change in the system would be 


1 g liquid (—1@ С) 0874 g liquid (0? C) 
+ -» 0.126 g solid (0? C) 
237х106 g vapor (-10?C, 287.6 Ра) 4.84х107 vapor (0°C, 611 Pa) 


Entropy changes 
1 g liquid (-10?C) — 1 g liquid (0°C) 
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5.27 





Т, 
AS =Cp ш = 4.22 J/gKIn 


1 


27315 
= 0.1574 J/gK 
263.15 


0.126 g Наша (0°С) — 0.126 g solid (0°С) 


AG = 0 = AH — TAS 


‚АЙ АЙ 
AS =— andAS = M— 
T Т 
-335 1 
AS = 2335 18 x 0126 g = -01545 J/K 
27315 K 


(484—237) 10% =247x10° g liquid (0°C) > 2.47х10`° g vapor (0° C) 


АН“ 2530 
= 247х106 x —— = 0229 х10* J/K 
273.16 





AS =247х10% 


— vapor makes a negligible contribution in computing AS 


AS = 0.1574 — 01545 = 0.0029 J/K for each gram of water present. 


Gibbs Phase Rule (Eqn. 5.6-1) Е-3-Р 

(a) Only solids can have many as 3 phases present. These can only exist at a single point of T and 
P as there are no degrees of freedom. 
If only 2 solid phases, Е = 1= a single degree of freedom. Can fix either T or P. 
If only опе solid phase present, then F=2, both T and P can vary independently. 


(b) If a liquid is also present 
Liquid alone Е-3-1-2 T and P independently 
variable 
Liquid + 1 solid Е-3-2-1 Can vary T or P, the 
other follows 
Liquid + 2 solids Е=0 Only a single point 


(c) Same as (b), with vapor replacing liquid in discussion above. 

(d) If liquid and vapor are already present, then Р=2 
=> 1 degree of freedom if no solid is present (i.e., either T ог P can be fixed, not both) 
If liquid and vapor and solid are present, Р-3 
-> Е-0 Triple point is a unique point on phase diagram. 


Criterion for equilibrium at constant T and V as that A— minimum. However, from Problem 5.4 
this implies GY = С^ (not AY = АГ!) 
Now G=A+ PV and P=-(OA/OV),. Thus, at equilibrium 


ү L 
с’ 78 уа.) vi (1) 
дү т ду Т 





v L 
Also at equilibrium PY = РЕ > 24 = oA” 
av’), \ӘУ 4 


= Pressures are equal when derivatives of A with respect to V are equal. The derivative of A with 
respect to V is the tangent to the curve inthe A—V plane. Thus both curves must have a common 


tangent if equilibrium is to occur, and the slope of this tangent line is the negative of the equilibrium 
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pressure. Now must prove that the points of intersection of the tangent line and A curve are points 
at which GY = С“. From the figure we have A" = А" +(0A/OV),(V" -v") but this is exactly 


what is required by Eqn. (1) for с” - G ! So we have indeed identified the equilibrium state. 


I> 





5.29 (а) From the equilibrium criteria we have TY =T} ; PY =P" and 

















E и (ӘР 
GY=G'= [VaP-0or (У|-- | av -0 
E 42 L ДӘУ), 
VT Y = 
(b) For the van der Waals equation we have 
87, 3 
= г —— 1 
y ep ya (1) 
and 
ЭР) 6 247 1 AT, 
vc cm TET a 
ov, ү; (3V, 20 1) У (ЗУ, -1) 
Thus 
"V (ӘР. ic AR 
«(aye d en 
y дү, LUV? (3.-1} 
1 арт 
о йе, 
апа 
(used) a =. 9 yt 
In-———. «(3v -1) -(3vb-1) + 1--4-1-0 2 
САРА Cu NTC теа т (2) 


Another equation arises from the fact that PY = P“ > РУ = Р" so that, using Eqn. (1) 
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(c) 


(d) 


ST, 


я 


_ КЕ 
sed үшү = (vb 


3 81, 


r 








or, solving for the reduced temperature 
r=3 (УУ) -(v-y] (3) 
"7% (15У7-1)-0/3У5-1) 


This is ап independent equation between 7, , V and Y Using Eqn. (3) in Eqn. (2) gives' 


у «(x -1) - (v -1) 








(30, –1) 
(4) 
бу УУР 1 1 
лу сс У =9 
vY ave [ЗУ -1 wr 


Procedure used in solution 

i) Guess (ог choose) a value of (М ‚ compute үг which satisfies Eqn. (4). 

ii) Use Vy and vi so obtained to compute 7, from Eqn. (3). 

iii) Use V, and Т. and Eqn. (1) to get Р = Р. [Note: This calculation was done on a 


digital computer.] Results are at end of problem solution. 
The Clausius-Clapeyron equation can be written as 


ар - АН ede Е АН”? 
АТ |coexistance = ТАУ - Tc dT, x TAV 
curve гт EX 








or 


ару _ АН“ 1 й АН”? AT _ 9b АН”? 


а, ТАУ К ТАУ a a T,AV, 








Since а= Spy. ; Vo=3b. Now 9b/a has units of (energy) ', so define a reduced heat of 
vaporization, АН“? , to be 9b/Ja AH"'?. Thus 


ар” 
АН“? = ТЛУ, —— 
с ат 
Thus АЫ"? can be computed by taking derivatives of results of part (c). (This was done 


graphically). The results are as shown below. 


уу yt pwr Т, Т, АҢ}? 
3x10? 0.3690 2617х107 0.2948 

0.3124 9.1 
1x10? 0.3745 8772х10 0.3300 

0.3341 8.69 
8x10? 0.3758  1123x10? 0.3382 

0.3477 8.69 
5x10? 0.3789  1894x10? 0.3571 


0.3686 8.51 
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3x10? 0.3829  33503x10? 0.3802 

0.3986 8.77 
15x10? 0.38906 7299х107 0.4171 

0.4297 8.87 
100 0.3947 0.01153 0.4423 

0.4522 870 
75 0.3985 0.01597 0.4621 

0.4704 852 
60 0.4020 0.02056 0.4787 

0.4859 8.54 
50 0.4052 0.02527 0.4931 

0.5025 8.62 
40 0.4095 0.03254 0.5119 

0.5251 853 
30 0.4158 0.04505 0.5383 

0.5591 8.85 
20 0.4268 0.07112 0.5799 

0.5964 8.01 
15 0.4365 0.09810 0.6129 

0.6889 7.81 
10 0.4538 0.1534 0.6649 

0.6807 751 
8 0.4658 0.1954 0.6965 

0.7184 7.33 
6 0.4849 0.2650 0.7402 

0.7550 697 
5 0.4998 0.3198 0.7697 

0.7885 6.64 
4 0.5226 0.3996 0.8072 

0.8323 5.86 
3 0.5596 0.5240 0.8573 

0.8922 489 
2 0.6410 0.7332 0.9270 

0.9354 3.94 
1.8 0.6710 0.7899 0.9437 

0.9567 322 
1.5 0.7364 0.8830 0.9697 

0.9849 1.43 
1.0 1.0 1.0 1.0 


Results are plotted below. 
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Laredo 
Prope Pet 


5.30 (а) 


(b) 


5.31 (а) 


The reduced vapor pressure and heat of vaporization for the van der Waals fluid. 


Restricted form of Gibbs Phase Rule: Ғ-3-Р 

— P must be 3 or less 

=> quaternary point can not exist in а 1-component fluid. 

2 phases > F =3—2 = 1 degree of freedom. 

Thus, if any property of one of the phases is specified, this is sufficient to fix all of the 
thermodynamic properties of both phases! However, if only the total molar volume of the two- 


phase system (or some other two-phase property), i.e., V — x V(T, Р)-х"У!ЧТ, P), this is not 
sufficient to solve for хі, y! and v", That is, many choices of T and P can yield the same 


value of the total molar volume by varying the mass distribution between the two phases. 
Consider now the situation in which the total molar volume and total molar enthalpy is 
specified. In this case we have 


l=x! +x" 
V =x'V'(T, P) + ХУ Т, P) 
and H =x'H'(T, P) x" H" (T, Р) 
The unknowns here are хі, x" and either T or P (note that since the system has only one 


degree of freedom, either Tor P, but not both are independent variables). Thus, given equation 
of state information (relating V and H to T and P, and the two-phase coexistance curve), the 


equations above provide 3 equations to be solved for the 3 unknowns. 


8-(9% dT+ EJ dP . Thus 
01). СІЗ) 


as) (2s) (as) (Әр 
ЭТ jsat ASTU ӘР/ДӘТ sat 


curve curve 
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but 
as) c (ЭР) Am" 
OT), Т \OT Js ТАУ? 
and, by the Maxwell relations 

95 = — ду = -VŒ 

ОР} OT), 7 
Thus 

vap vap 
с.- (35) шсу-оу АЕ" ос, (ӘУ) АН 
oT sat 235 Av“? oT А AV “ар 
апа 
| | m vap i vap 
с m Co -av = em Ай 
5 ду“ ӘТ 5 AV“? 
where i denotes the phase. 
(b) For the liquid 
AV"? >> УГ, and a ~ 02 CL, - СБ 
For the vapor we will use Cp ~ [A(G)- A(T) (GB - T) and 
(OV/OT), ~ M(B) -VNT - 1) and 
AHP 
Сы = Cp -e y, == 
AV? 


[Cp and (ОУ/9Т), will be evaluated using finite differences above and steam tables. In each 


case T, will be taken as the saturation temperature, and Т, to be the next higher temperature in 


the steam tables.] 
Thus, at 100?C (0.1 MPa) 


v 27764-26761 
Cp = 
50 
(2) Е 19364 – 1.6958 
ат), 


50 
at 370°С (21.0 MPa) Су = 14.6 kJ/kg К and 
ЕЗ = 0.000141 m?/kg К. Thus, at 100°C 
ат), 


СУ 


sat 


-4.488 kJ/kg K 


at 370°C 


=2.006 kJ/kg K- 000481 m°/kg Kx 


= 2.006 kJ/kg K; 


= 0.00481 m?/kg K 


22570 kJ/kg 


16719 ше 
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441.6 kJ/kg 


0.0027 m?/kg 


CY, =146 kJ/kg К-0.000141 m?/kg Kx 
--8359 kJ/kg K 


5.32 (a) Multiply out the terms, and this is easily proved. 


(b) 8,2- 975 x (1)- МЕЙ 4 23 
UN~ Aya, EEUU ume xx = 
ONOU әм), ДТ T? (ƏN jyy (909М 
ЕС 95 
| 9U| ƏN Jy, 
95 


but 45 zd Tr UP >| — R so that 
T T T ƏN UG T 


2% - 24-4) --194 -8 (57. 
QUON OU\ Туу T\OU N,V T? (ƏU V,N 


жинаса | ge SOE) a а 9 чы. 
© IN\oU), МТО(90), ТМ(9Т7,Д90), NTPC, 








Now dG =VdP - SdT ; thus 


287457) 
шан e — -S 
oT Е ӘТ Т 


апа 


1 ӘР G -V (ӘР\ G«TS 
DUN Se age | [ыра ТЕСЕ ИКТЕ are 
GAT ӨТ), “| NTO мог). т?с; 


but G+TS =H. Thus 








bts oE i c or Жз E 
PON jeg NO TCOT / NPO 
E ЕС 25 2 (2) _1(aP) (Әт 
" ONOV AN\T)yy Т(ӘМ),, ТӘМ), 
- 2,25... |200 --Ц94 (T 
-ӘуӘМм (ӘУ jy TNW Jys ТӘУ), у 
m cbp9ec. Pon) Tom per ,_ € Т 
NT\OV), МТ’\9УЛ, NT\OT),\OV), NT \OV), 


(ан 8, 


but 
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[ЕЗ | (7) 1 [ЕЗ | 
dU = Суат +| T| — | -РАУ >| —| =-—| T| — | -P 
ӘТ ), WV), Cyl (97), 


Also 








(22 -9(6.0) 9(6, 0) Ә(Т, У) 
эт), Ә(Т, U) Ə(T, V) Ә(т, 0) 
(әв/әт),(әи/әу),-(әв/әу),(ә0/әт), 
«UY, 
-(94 _ C/V); 
y (90/9); 


oT 


ас -vaP -sar; 9€) -у|9?| -s ana [26| -у|9” 
n єт е сто ше oV), Av), 


Thus, 
_ СуУ(дР/дУ), 
T(9 Plo Т), -Р 


с-196| -ң-т-ут 2? +75 СУТУМ PIU, 
ж TU © Т(ЭР/ЭТ),-Р 


v| v 
|| 
ML 
С 

T 
КА кем 

о) 
Hi 
и 
| 
Т2 


фа] Irae) 4 





(d) S 125) ШЕ | ae (22) 225 
NN = QD V [e rue | “хат, 
ӘМ у ЭМ, Т TRON Jeg ТӘМ 


eqn. 1 OG G (ӘТ 
A410 TN |\ON us c. МТ? (Эм y 


Now 


ЭС ӘР oT 
dG = УаР- 5ат + вам 2| ——| -У|---| -8|--| +G 
ƏN UV ƏN UV UV 
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асс ВК ЕЗ L5 E 2-6 e 

NN — Bas | Baca Goes [c cd mA 
ТУ(ӘМ),, ТМ(9М),, Т?М(ӘМ),, 

жы OE op ies ӨВ. 
TN ƏN Jyy ТОМ(дМ/,) T\ANJyy т(әӘм),, 


but from above 











ЕЗ _ у (52) - H 
ТӨК), NG TOT), МТС, 


and, from equating the two expressions for Syy 





i(aP| _-НОР/Т) v (ary У [ЭР 
TƏN Jy мсұт NG (ƏT), NT\OV ), 


V 


Putting these expressions together yields 


NN 


_2ну (әр\ү m VOPAT ү? (әр 
SNC COT NOT NC, МТ\ӘУ J, 


(е) It is now simple algebra to combine the expressions above, and those in Sec. 5.2, and show that 


Ө = Suu бум” бін 2 (Suy Sw — Suv Sun) 
3 
Syu Sov S poSus 5% Sw) 
is exactly zero!! 


5.33 (Mathcad worksheets in the Mathcad Utilities Directory are also available to do these calculations) 
Students in my thermodynamics courses have produced thermodynamics diagrams for many fluids 
using the program PR1 and following the methods in illustrations of Chapters 4 and 5. The 
following figures are examples of some of these diagrams. It should be noted that all of these 
diagrams are in qualitative, but not quantitative agreement with thermodynamic diagrams generated 
using more accurate equations of state. In particular, liquid densities are not predicted very 
accurately from the Peng-Robinson e.o.s. so that the location of the two-phase dome is somewhat 
shifted as are the other thermodynamic properties. Diagrams for other substances will be found in 
the file named “Other figs” 


Thermodynamic properties of nitrogen by Tom Petti 
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NU 
NN 
S eh Талас 
LN 
BM 





ER S 


ШЛ P 


Pressure-volume due for 2 Peng-Robinson eos. 
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PRESSURE.ENTHALPY DIAGRAM FOR NITROGEN! PR EON 
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5.34 Thermodynamic properties of water (steam) by Allen Donn. 


300 


/со 


ғо 





Pressure-volume diagram of steam computed with the Peng-Robinson equation of state 
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400 


зое 


Tamm pner. 
“е 





200 


гоё 





Temperature-entropy diagram of steam computed with the Peng-Robinson equation of state. 
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T-2425C č ` 





-Zo -/о 2 


Pressure-enthalpy diagram of steam computed with the Peng-Robinson equation of state. 


5.35(a) This would be a difficult problem if it were not for the availability of the program РКІ. Using this 
program, the critical properties and the heat capacity data in the text, and the T = 27315 К, 
P = 1 bar reference state (which cancels out of the problem) we find for ethylene 


85 bar and 25°C = 298.15 К 
Н--6388 J/mol 
S = -5279 J/mol К 


By trial and error, using guessed values of T until we obtain Р” = 10 bar , we obtain 


T -22135K ; 8“ = 2944 J/molK ; VY = 01536x10° m*/mol ; 
S™ =-7871 J/mol К; У" =05454х107* п?/то!. 
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Now considering the fluid initially in the tank that will be in the tank finally as the system we 
have 


М =М, and 5, =5, 


(b) Now there can not be only vapor in the tank (entropy too high) or only liquid (entropy too low), 
so there must be two phase mixture. Let x = mass (or mole) fraction of liquid. Thus: 


xg e (17 x-)S" = $, =-52.79 J/mol K 
x-(—7871) «(1 - x')(-2944) --52.79 


L _ 527942944 


xl = ———————— 0474; x” = 0526 
-7871 +2944 


Thus, 47.4 wt % of fluid in tank is liquid, and 52.6% is vapor. Based on 1 mole in tank we have 


V = 0474 x 05454 x10™ + 0526 x 0.1536 x10 28338 х10* m?/mol 


0.474 x 05454 x 107 
volume 96 liquid = ————— 100 = 31% 
8338 x10 


volume % vapor — 96996 
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5.36 (also available as a Mathcad worksheet) 


ӘР! = А 
ЭТ) ТАР 
ZRT , 


Assume V" >> V 2 AV ~V~ EUN 


OP __АН _{ӘһР\ _АН 
әт), ZRT/P ƏT Ja ZRT 








N 














but 
ALAE 2 (4355 -56227 _4705041n r) 
Әт), ӘТ T 
2s 20201 т ШОШ Уе + 66227 — 4705047) 
T T Т 
Thus 
AM ..1 (562274705047) 
ZR T 
or 
АН = ZR(56227 – 4.105047) = 31,602. J/mol at 75°C 
2- 31602 = --2---0053 
8314 x (5622.7 — 4.70504x (273.15+ 75) 
but 
PV B 
25 р, = Z = 09539 
RT V 


50 


= 0.9539 — 1 =—004607 ; В--0.04607/ 


IS | 


Then V = 0.9539 RT/P . To find P use 


5622.7 


In Р" -43552---- 
(273.15+75) 


—4705041n(27315 4 75) 


РУ? = 08736 bar 
0.9539 x 8314 x 10? x 273.154 75) 


-31606x10? m°/mol 
08736 


V= 


and 


В--1456х107 т / mol 
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We start with Eqn. (5.7-4), the Clapeyron equation 


ОРМ _ АН 
ЭТ Jug» ТАЙ 


[Note: Error in problem statement of 1st printing. Disregard comment that the volume change оп 
fusion is zero.] 


From the problem statement AH = 48702 kJ/mol, but no data on ДИ is given. Also Р“! = 1013 
bar at Т = 185° С = 291.65 К. Based on other hydrocarbons, we can guess that 





AV*5 -1to2x10* m'/kg 


We will use this as an estimate and determine the effect оп Т,. Also, the molecular weight of 
hexadecane is 226.45. Thus 





ар _ 48702 kJ/molx1000 J/kJ 
dint 8х107 т//ке x22654 g/mol x1 kg/1000 g 
214. 
221138 (10 J/n? 


[where € is 1 or 2] 
21498x10? 





А 
DOTT. J/ m^ x10? bar-m?/kJ x10? Ын кч MEE bar 
214 214 Т, 
dP = Siar SP Жо ус. Е 
5 29165 К 
= 294.36 if S=1 
T,= 29165ехр С тийн | 
21498 29710 if&=2 


So the freezing point is raised between 2.7 and 5.5 К, depending оп the (unknown) value of ду" ; 


(also available as a Mathcad worksheet) 


This is a one-component adiabatic flash process. I will assume that only vapor + liquid are present, 
and then show that this is indeed the case. 
There are two ways to solve this problem. One is to calculate all the thermodynamic properties, and 
the second is to use the steam tables. Both methods will be considered here 
(1) Calculating all thermodynamic properties, and assuming the vapor phase is ideal. 

energy balance: 10. И"(Т=95°С) = (10- xU (T) - x" (T) 

equilibrium requirements: 7’ = ТУ; P= РУ; and G' eG рер” 


Also, using data supplied earlier, 





Р“? = exp 14790 = нэ) 


and by the ideal gas law 
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hz NYRT _ х/18 mol x8314x 10? (bar-m?/mol K)T 
== 


2 1x10? - (10- х)/10° 
volume taken up 
by liquid 


Equating P and PP we һауе 





-5 
x/18x8314 x 10?T -ex (14199 38928. +. 8314T 
1x10? - (10- x)/109 T 18 1000-(10- x) 


Also we have for the internal energies 
U'(T = 0*C) =0 reference state 
Ü'(T = 99 С) = 95 Сх 4184 1/г° C = 39748 J/g 
(747) = (T 273.15) x 4184 [assuming C, = constant] 


8314 x 273.15 
18 


ÜV(T = ОС) = AH” — RT 22260— = 213383 J/g 


UY (T) = 2133834 (T - 27315) x 2.09 


so that 


10x397 48 = (10— x) x4184 x (T — 27315) + x[13383-- (T — 27315) x 2.09] 


I find that the solution to these equations is 


T = 352.68 К and Р= 05411 bar 
x = 03289 g 


This is so far above the melting point of water, that the presence of an ice phase is impossible. 
Using the steam tables 
energy balance: 


(2 


кая 


10-0 (T2 95 С) =10х 397 88 = (10 х)0 (Т) xÜ (T) 
— 


both at saturation 


also P= Р“ЧТ) and 
V =0.001 n? = (10-5) (Т) -xP (T) 
Procedure 


i) Guess Т, get P(T), P(T), ГУТ) р ÛT) and D from steam tables 
ii) See if Eqns. (1) and (2) are satisfied by using Eqn. (2) to get x, and then seeing if Eqn. (1) is 


satisfied. 

For example, guess T=80°C: 

f" 21029 x10? т/б О" = 334.86 J/g 

VY 23407 x10? mfg UY —24822 1Е 
Р = 4739 kPa 


— х(едп. (2)) = 029058; x(eqn. (1)) = 0.29348 
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by iteration and interpolation 
Т = 794°С, Р--04739 bar апа x = 029 grams . 


Difference between this solution and the previous one is due to the inaccuracies of the 
approximate vapor pressure equation in Part 1, and the assumption of constant heat capacities. 


5.39 All the P-V data for this problem was obtained with a simple basic language program written for this 
problem. Calculations were done for n-butane as a representative fluid. The van der Waals loop 
region is shown on the diagram. What is interesting is that, in addition to the van der Waals loop, 
there is much structure in the P-V plot. Much of it occurs in the region of b>V_ and V « 0, so that 


it has no relevance to our calculations. In the region V >b there is only the van der Waals loop 
behavior at low reduced temperatures, and the hyperbolic behavior (PV = RT) at very high 
temperatures. The main point is that the cubic equations we use exhibit quite complicated P- V 


behavior, but only relatively simple behavior in the region of interest to us, which is V >b. 





— 


9 


Wee pÉ” єг погађа] Мат der Waals 
~] l 3400р region : 


vm burane 








P-V diagram for n-butane calculated with the Peng-Robinson equation of state for realizable (V >b) and 
physically unrealizable (У < b ) regions. 
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5.40 


Let Т. = the equilibrium transition temperature when both solid phases are stable. 
dG =VdP —SdT 
Also dH = TdS +VdP so at constant pressure 
ES z Мн ats 
OT), Т(97) Т 


— phase with higher heat capacity will have a higher entropy since the entropy of both phases аге 


zero at 0 K. 
ЕЗ — 
әт = 


Then, again at constant pressure 

Since both phases have the same Gibbs free energy at the temperature, 7, this implies that the 
substance with the larger entropy (which arises from larger heat capacity) will have the lower Gibbs 
free energy, and therefore be the stable phase. 





РУ _ ВО), , АТ BERT 

RI C ge Pene сэ: 

ӘР RT. -2B(T)RT 

Vi, K А 

2В(Т 1 ү r y 
(03-42: a>-4-=-4; BD» 
V V у? 2 2 


Back to virial eq. 


py? +1+ 41+ (4PB/RT) 


um dee В(Т)=0; V = FIRE 
V= Za Т |+ РЁ 

== әр 

ae = pa "= 


—_ ———— RE Ний will be stable 
ЛЕУ? САР 


V 
Infact, В(Т) > ЕУ is sufficient since [B(T)| << V in all conditions where second virial coefficient is 
used. 


V RT 
Approximation В(Т) > == => В(Т)> кіт for stability. 
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5.42 Easy way 
dU 9 p : ds _ Q 
dt dt’ dt Т 
System of constant entropy 0 - -TS en 


+ Sgen 


Also constant pressure 


d 
aer -TS sen — ат —TS еп - (Ру) 

dt dt 5 

a +P PV)= «РУ ан. -TS en 50 
dt dt 5 

— Н = maximum at equilibrium 

dH =0 

АН >0-> 

dH = TdS +ГарР 


а?Н = (S). (dS) [27] айв 82 dPdS 125 1 (аРУ 


а?Н = or (95) 202 2 20 
95 А 95), 


2 2.593 20 
98). €. P 


More theoretically correct way 
PD criterion for a closed system at constant entropy and pressure. 


, ра’. d$ 0 
D mi eri бок + Soon 
-0 dr Ts 
dS 
T—- Т,, 
9- dt 


dS dV 
Constant entropy — = 0; constant pressure P — = —( PY) 
dt dt dt 


dU : 
= =-(РУ- VE fU + РР) = TS, 
ан 
dt 


d^ H »0 but dH = TdS + VdP +G,dN 


dH 
-----75,, <0= — <0 > H = minimum stability 
gen dt 


ан - (His + Hl (as Y + (Hin  His)(aN!)- 
+2(Нзх + Ну )dS ам > 0 
- к НЬ (487) -2N'Hlyds'aN! + мні (ам) T 0 
Making a transformation of variables 


Н, 
dx, = dS'+—“dn ; dx, = ам 
NN 
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NHssNHyy — N° H2 
0,- NH; ; Ө, = ( SS NN sn) 
МН 
As a check 
O,dx7 -Ө,ах: 
2тт2 
NHss NHyn — МН gy? 


Н, 2 
ми ast ам) + NA 
SS 


SS 





12 СН sN ТЭ 


- NH dS + 2NH 55 





55 


+ yy м = 


which is correct so 
Ө,ах? +0 ‚4х 2029, >0 8, >0 


Ө, = NH. = yf oe _ м9 [ЭН БЕ 97 > 0 
955° gie asas), S) 


but dS = Star- ər) .( 98) Сь ,[9$| _NG 
ory, lor), T ƏT) Т 





= № 





> 0; N>0, T2502 С> 0 
Р. 


Second criterion 


МН, NHwn — М? Hà, 4 Н = ӘН 2 
МН UN (aw?) , ӘМ 


л ео. 
NON |p OS Joy ЭМ” XONJS 


HÀ. x (28) _ (ӘТ/Ә м), А 
SS дм 5,Р (97/98), 
5.43 (also available as a Mathcad worksheet) 


an €. 





,P ƏN S,P 


МНух = № 





5.43 ISENTHALPIC CLAUSIUS EQUATION OF STATE CALCULATION 
Cp, :220.97 bb, :=4.28-107° bb,:-13510 ^ — b(T):-bb,4-bb,'T 


R:2 8314-10 ? 


Input initial temperature and pressure of calculation Ti := 120+ 273.15 Pi:=50 bar 


Input final pressure Pf ‘= 10 bar 
Initial state calculations Т:=Ті Р:-Р Vi := -RTD L— + b(Ti) 
Pi 
7 0800 Zi = 1.1467 (кт?ьь ) 
R-Ti DELHin :=|Е-Т(714-1)-4 Y |10 
- b(Ti) 
DELHin = 214 
Guess for final state T :=0.8-Ti P :=Pf 


Residual enthalpy (DELHF) (Р-УСТ,Р)) 


RT 


УВЕ ory: РВ 





(КТ) 
Р 
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(R-7.bb | 

DELHF( T, P) :=| R:T-(Z(T, P) - 1) - ——————— 
W(T,P)- b(T) 

Ideal gas properties changes relative to the initial state DELHIG(T, P) := Cp (T – Ti) 


Solve for the exit temperature 


Given DELHF(T, P) + DELHI T, P) - DELHin=0 T :=find(T) T = 401.314 


8H :- DELHK T, P) + DELHIG T, P) - DELHin HF := DELHF(T, P) + DELHIQ T, Р) 


SUMMARY OF RESULTS 


FEED EXIT 
Temperature, K Ti = 393.15 T = 401.314 
Pressure, bar Pi = 50 Р = 10 
Compressibility Zi- 1.1467 Z(T, P) = 1.0291 
Enthalpy 0 HF - 214 


(relative to the feed) 


ŠH = -3.1264-10 13 


Symbolic determination of enthalpy departure function for the File: 5-43 symbolic 
Clausius equation of state 


ЫСТ, bb) :=bb, - bb, "Т 


(КТ) 


Р(Т,У,К,ЬЬ):=————— о 
V- b(T,bb) 


E шар хов. р 
Т 


DE ud E 2. 
ын (V- bb,- bb, T) (V- bb, - bb, T)? 


1 


dex T, V, R, bb) :=%—Р(Т,У,В,ЬЬ) 
dT 


Int( T, V, В, bb) :=T-der(T, V, R, bb) — P(T, V, R, bb) 


ПХ | a ug — | eee T 


(V- bb, - bb, T) (V- bb, - bb, T)? | (V-bb- bb. T) 
2 bb, 


Upon simplification RT. 
2 
(V- bb, - bb, T) 
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у 
DelH( T, V, R, bb) ‘= Int( T, S, R,bb)dS 
109 
pA bb, 
DelH(T, V,R,bb) »-R.T- Вт 


(У- bb,- bb, T) 


bb, 


DelH(T, У, R, bb) :=- ВТ 
(У- bb, - БТ) 


Final result 
: ЕТ 
5.44 Clausius EOS: РЕ 
У—ЫТ) 
Condition for stability is iR «0 
OV Jr 


For the Clausius equation 
RT 


(2) ЗЭ 
әу), V-D’ 


Then BE must be negative or 
OV), 





7 


MATHCAD has trouble with an infinite lower 
limit, so use a very large number instead 


bb, 


(- 1000000000000000 + bb, + bb, т) 


This term сап be neglected, would 
be zero if an infinite lower limit 
could be used 


Since А >0, T »0 and (V —by > 0. 


Еа <0 = Single phase is stable at all conditions. 
Эл 


5.45 See solution to Problem 5.41. If fluid is unstable, then а vapor-liquid phase 


transition can occur. 


5.46 Redlich-Kwong equation of state 


V=ZRT/P 
ЖЕК RT 
P RT V 


риши 


Solutions to Chemical and Engineering Thermodynamics, Je 


y 
Д-Р | Еа Е үн 
Y pra 25247721: 





























Ж dV 
=й ee a | —— 
Г >œ% (И – Б), уы +В) 
V 1\ (V+b Z а (7+В 
= ЁТ1п——=—+а| —— | = = ЕТІп ——1п 
у-ь Ь y Z-B b 7 
7 Z+B 
ge sage са n( Z7 )-mz«z-n 
P 7-В WRT \ 27 
а 7-8 
--16(7-8)- ц 2-1 
bRT \ Z 
a (2+ Pb[RT 
=(Z-1)-1n(Z - B) - —— n| 4 
bRT 7 
аР. p_ ЭР 
RIS RT 





її zs B 2) 
P B 


Using the same analysis for the Soave-Redlich-Kwong equation of state leads to 
the following 


2202-1) (2 2. aD | 202080 
Р РТ) RTb 7 











=(Z-1)-In(Z- m-SOu 238) 
RTb 


Z 


5.47 (also available as a Mathcad worksheet) 
See Mathcad for the graphs. 


Problem 5.47 
КТ а 
P(V,T,R, a,b) :=——-—_* 
VE qne В) 


RT утка аута db ET: 5 n(V)- 2 n(V+b) 
V 


rs) 20 


2 2.5 
а:=0.42748. Te" ъ;=008664 E T€ 
Рс Рс 


3 
Tc:21262.K Рс:-3.396-106-Ра Rass 








mole :K 


T :=110-K 
502100 Vy15b У, :2 V-L00l— У = 4015-10 > «п «mole | 
iTl i 0 








pos RT a P-V. 
"4-5 105ү уБ Е үс: 65840 Same | 
i Ч it ) RT 100 7 
Vi a Vi 
Юр, 11|---1- In(Z) +Z- ]4- — — — In 
i T Rb 13685 
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f :=Р.-ехр (fop;) 150 
100 
P. 
1 
50 
102 
0 
-50 
0 0.5 
2.5406 
2406 
1.5406 
f. 
1 
1406 
5407 
0 
0 0.5 1 
TAE 
ogi 
b 
T :=150.К 


1:=0.. 100 V, ‘= 15-b V, p1 5 Vp Loor V, = 4015-10 > "um mok. 
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RT a 
t Mesh T^v (V. b) 





500 


400 


300 





- 


200 


100 


2.5*10 














Vigo = 9.655110 


3 


3 — 
*nr *mole 


1 
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5.48 (also available as a Mathcad worksheet) 


Problem 5.48 
a) If ethanol is an ideal gas, the f= P, so that the fugacity of ethanol is 505 kPa 


b) Starting from eqn. 5.48 we have that 


In (£/P)J2(B/V) - In Z +(Z-1) mol:21 
(Pam) -6 m 
P:2505000Pa  T:=(273.15+126)K . R::8314. 27 /  B:=-52310 f 
mol K mol 
үз У= 6571-10? «m 
Р 
Orven HL B V i2 find( V) V= 5998-10 > «n 
RT V 
gU) 
RT Z = 0913 


5 


fsat = 4.59210 


E B 
fsat ches 3 man +Z- 1 Pa 


5.49 (also available as a Mathcad worksheet) 


Problem 5.49 


The density of ethanol is 0.789 g/cc at 20 C which we will also use at 126 C, and its molecu. 
weight is 46.07. Therefore its liquid molar volume is 


3 6 
kPa ‘= 10° Pa MPa := 10 -Pa 
ний. не 
m mol 2 
м:= m М= 5839310? — «m? 
0789-10". 5. 
m 
a) ((25:MPa — 505-КРа) МІ) 
f Нил шини TRI MI {= 7.066* 10? “Ра 
b) 


УҮ(р) sve 1.0910 °-kPa ' ( 101.3-КРа — $5] 5 3 


УУ(25-МРа) = 5.681:10? Эш 


i 25.MPa 
f:-fsatexp | VV(p)dp 5 Pa 


f= 700441 
КТ 1505-kPa цан 
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5.50 (also available as a Mathcad worksheet) 


5.50 FUGACITY CALCULATION USING SRK EQUATION 








Read in properties for Pentane Тс :=469.6 Pc := 33.74 от:=0.251 
kappa calculation Кар := 0.480 + 1.574-0m- 0.176:0m:om 
В-Тс кте? 
S-R-K Constants: R :=0.00008314 b := 0.08664- ас := 0.42748. 
Рс Рс 
Note that these are being defined as а 2 
function of temperature. alf T) 1| 1+ Кар. 1— T аСТ) :-ac-alf( T) 
Tc 
са(т,ру А ӘР? caer py =P? d 
2 RT Ба(Т):---а(Т) 
(В.Т) ат 

7(Т,Р)у::|А«-СА(Т,Р) 

Be CB(T, P) 

-А.В 
A- B-B Vector of coefficients in the SRK equation 
Ve in the form 
=l 0=-A*B+(A-B^2-B)*Z-*Z^2+Z^3 
1 
ZZ DOLOS V) Solution to the cubic 
for ie 0.2 


(22,- 0) if (Im(ZZ,) #0) 
Set any imaginary roots to zero 


PLESSO CAA) Sort the roots 


77—77, if ( ZZ, [< 10°) 
Set the value of any imaginary roots 
77—77, if ( ZZ, | 10°) to value of the real root 


ZZ 


Enter temperature T, and pressure P. 


T:=100 C T :=273.15+T K Р:=50 


Fugacity expressions [actually In(f/P)] for the liquid fl and vapor fv 


Z(T, P), + CB(T, P) 
A(T, P) = (ZCT, P), - 1) - n(Z(T, P),- СВІТ, P)) - WM 


CB(T, P) 2(Т,Р), 


Z(T, P), + CB(T, P) 
fv( T, P) := (Z(T,P),- 1) 2 In(Z(T.P),- СВ(Т.Р)) = а 


СВ(Т, Р) Z(T, P), 
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Fugacity Fugacity coefficient 


fugl :z P-exp( f T, P)) fugl = 649272  fKT,P)- -2.04134 phil шин phil = 0.12985 
Р 


fugv:-P'exp(fv(T,P)) иву = 649272 fv(T, P) =-2.04134 fugv 


phiv :=—=— рых = 0.12985 
P 


SUMMARY OF RESULTS 








T = 373.15 К Vapor pressure, Баг Р= 50 
LIQUID VAPOR 
Compressibility СТ, Р), = 0.23249 СТ, P), = 0.23249 
Fugacity coefficient phil = 0.12985 phiv = 0.12985 
Fugacity, bar fugl - 649272 fugv - 6.49272 
Read in properties for Benzene Тс :=562.1 Рс:-48.04 от:=0.212 
kappa calculation Кар :7 0.480 + 1.574:от- 0.176:от:от 
R-Te R°-Tc 
S-R-K Constants: R := 0.00008314 b :-0.08664- ас := 0.42748: 
Рс Рс 
Note that these are being defined as a 2 
function of temperature. alf T): 1| 1+ kap.|1— T аСТ) :- ac-alf( T) 
Tc 
CA(T, P) астр СВ(Т,Р) is Fed а 
2 В.Т Da( T) :2 —a( T) 
(К.Т) ат 
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Z(T,P) := | Ae CA(T, P) 


Be CB(T, P) 
-А.В 
2 Vector of coefficients in the SRK equation 

мев іп the form 

-1 0=-А*В+(А-В^2-В)*2-*2^2+2^3 

1 
ZZ«c polyroots (У) Solution to the cubic 
for ie 0.2 


ZZ.—0) if (Im(ZZ.) #0 
( : ) ( ) ) Set any imaginary roots to zero 
ZZc sort( ZZ) Sort the roots 


: -5 
22—77, if | 2% k 10 ) Set the value of any imaginary roots 
24 to value of the real root 
ZZ -ZZ if | 77. |< 10 ) 
2 0 2 
77. 


Enter temperature Т, and pressure P. 


Т:=100 C Т:=273.15+Т К Р:=50 


Fugacity expressions [actually In(f/P)] for the liquid fl and vapor fv 


Z(T, P), + CB(T, P) 
A(T, P) := (ZCT, P), - 1) - In(Z(T, P),- CB(T, P)) СЕЕ 


CB(T, P) Z(T, P), 


Z(T, P), + СВ(Т,Р) 
fv(T,P) := (“(т.р),- 1) е ю(2(Т,Р),- CB(T, P)) 5 I 


СВ(Т,Р) Z(T, P), 
Fugacity Fugacity coefficient 


fugl := P-exp(fl(T,P))  fugl- 2.01968 fI(T,P) = -3.20908 phil; P"! phil = 0.04039 
P 


fugv :=P-exp(fv(T,P)) иву = 2.01968  fv(T,P) = -3.20908 fugv 


рых := 8” рых = 0.04039 
Р 


SUMMARY OF RESULTS 


Т= 373.15 К Vapor pressure, Баг Р= 50 

LIQUID VAPOR 
Compressibility Z(T, Ps - 0.17187 Z(T, P), = 0.17187 
Fugacity coefficient phil = 0.04039 phiv = 0.04039 


Fugacity, bar fugl = 2.01968 fugv = 2.01968 
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5.51 (Solution using Mathcad worksheet) 


T= -200°C Р“ = 0.10272 bar 
2“ =0.99512 21 =4414 x10 
НУ = -55795x 10° H" = -1.2994 x 10° 
SY =17372 S* = -118.74 
T= -180°C РҮ?Р = 1.348 bar 
2“ =0.96359 2" 24955 x10? 
НУ = -51095x 10° H* = 11948 x 10° 
5У--32.734 8" = -106.15 
Т= -160С Р“ = 6.750 bar 
ZY = 08810 2" = 0.02307 
НУ = 47953x10? н" = —10805x10* 
SY = —42.099 S* = -95210 
T=-140°C РҮ?Р = 20.676 bar 
2“ = 073096 2" = 007305 
НУ = —4.7988x 10° H" = -94328 x10? 
SY = 49.6785 S| =-84.481 
T--130C Р“ = 32.310 bar 
2“ = 061800 7” 2012528 
НУ =-5.0406х 10? Н" = -85449 x 10? 
SY = -53.938 SĂ = -78418 
T= -125°C РҮ?Р = 39.554 bar 
2“ =054226 7" = 016843 
НУ = -52985 x10? НЕ--79739 x10? 
SY = -56685 8° = —74Л744 
T=-120°C РУ? = 47.848 bar 
ZY =0.42788 


7+ = 0.24887 
НУ =-58378 x10? 


S" = —61034 


H" = —71281x10? 
5" = 69.459 
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The Mathcad worksheet for this file is shown below. 


VAPOR PRESSURE CALCULATION USING SRK EQUATION File: SRKvap.mcd 
Properties of oxygen Te ;=134.6 Ре ;=50.46 ош: 0021 
Heat capacity constants 


Cp, 25460 Cp 51.519107 Ср,ш-0.7151067 Ср, = 131-10” 


Reference state and kappa calculation 





Trs =273.15 Prs ;=1.013 kap := 0.4804 1.374-0m— 0.176-om-om 
R-Te к?л? 
S-R-K Constants: К ;=0.00008314 b ;z0.08664- ac ;2 0.42748 ———— 
Pc с 
Note that these are being defined as a 1 
function of temperature since we will alf T) zt iikli I «Танд 
noed to interate on temperature. VIE Sq BRE er | эсирсе) 
E p ». 
САТ,Р)2 ЭР cer, pte гарту d aem 
(R-TY RT "ат 

ЖТ,.Рут [Ae-CA(T. P) 

Be-CHI T.P) 

-А.В 
A-m-n Vector of coefficients in the SRK equation 
Ve in the form 
-1 0=-А*^В+(А-В^2-В)*2-^27^2+2^3 
1 
zn og Solution to the cubic 
for је 0.2 
(727—0) if AMD 
ZZi-smt 22) Set any imaginary roots to zero 


Sort the roots 
ZZ ZZ if ( 21 ur) 

A Set the value of any imaginary roots 
77—77, И ( 77, |: ur? to value of the real root 


ff 


Enter temperature T, and pressure P. 
Depending on what is specified in the Given and Find statements 


below, either T or P is specified and the other is an initial guess Pi--130 € 
which may have to be adjusted as the other variable is changed, ^ 
especially as the critical point is approached.This worksheet will 1273415 ETEK 


probably not converge to a solution when T or P are within 3 to 5% 

of the critical values unless an extremely good initial guess is 

provided. One way to obtain a good initial is to start well below the Р;=30 
critical region and step towards it using the result of previous calculations. 
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Fugacity expressions [actually In(f/P)] for the liquid fl and vapor fv 


“АС Z( T, P), + СВТ, P) 
KTP) = (zer m, 1) - mz m,- CMT. P) - M ————. 


CBIT, P) ZA T, P), 


— Z(T.P), + CB(T, P) 
f T, Р) := (a T.P),- 1) Ёс ца Т.р), - СВЕТ. Р) САР —— 


СВТ.Р) Z(T.P), 
GIVEN IX T. P) - PCT. Р)=0 Equate log of fugacity coefficients 
P i= link P) P = 32.31009 зау оны 
Fugacity Fugacity coefficient 
figl :2 Pexp( IX T. P)} Ішегі = 23.6716 ІКТ.Р)--03111 phil зар phil = 0.73264 
fugv i= Pexpi C T, P)) Киру = 23.6716 В{Т,Р)=-—0,3111 рһіу шан phiv = 0,73264 


Residual entropy for liquid (DELSL) and vapor (DELSV) phasos 


T Z( T. P), +СВСТ.Р} 
Dat T) In fi 10° 
h Ж Г.Р), 





DELSL = Ё in(ztr. Py, = ©В(Т.Р))+ 





DELSV -h {л Т.Р), – СІМ т.р) + 


Пат), [ZT Ph FC... 
‘ince 10 
b ZiT, P}, 


Residual enthalpy for liquid (DELHL) and vapor (DELHV) phases 


"Da T) сту, РСТ. Р) + CBIT, P) 
DELHL |RT (ист. Py Гу EDAD 77727 — 10% 
b Z(T.P), 


"Da T)- aT Z(T, P), - CRT. P) 
DELHV -fk r (zr. m,- je——— B и 
2 Т.Р), 
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Ideal gas properties changes relative to the reference state 


ср (12-17) 5 Cp, (2-15) 15% (т*_ те) 


2 3 ! 


DELHIG =Cp (T— Tesi 


2 Prs 


op, (P= 117) cp, (17-16) <. fp 
"8-5 8 Ч| | 


DELSIG :=Ср ln Rd + СР. HAT- Its)4- 
Its 1 


Total entropy апа enthalpy relative to ideal gas reference state 
SL;zDELSIG-pDELSL | SV ;ZDELSIG + DELSV HL =DELHIG4DELHL НУ: DELHIG + DELHY 
SUMMARY OF RESULTS 


[2143.15 К Vapor pressure, Баг Р = 32.31009 

LiQUID VAPOR 
Compressibility ZiT, P), = 0.12528 Z( T, P), = 0.618 
Enthalpy, J/mol HL - -8 5449107 HV = -3 0406210? 
Entropy, J/mol K SL = -78.41775 SV = -33.93793 
Fugacity coefficient phil = 0.73264 phiv = 0.73264 
Fugacity, bar fugl = 25.6716 fugv = 23.6716 


5.52 (also available as a Mathcad worksheet) 


5.52 Pure component properties calculation using the SRK equation of state 


Read in properties for oxygen Тс :=154.6 Рс:-5046 от:= 0.021 


Heat capacity constants 
Cp, :=25.460  Cp,:-1519-10^ | Ср,с--0715407 | Cp,:-131110? 


Reference state and kappa calculation 











Trs :=298.15 Prs :=1.0 Кар :=0.480 + 1.574-от— 0.176:0m:om 
2.0572 
S-R-K Constants: R := 0100008314 b:-008664.R 16 ас :=0142748.Ё 18 
Рс Рс 
Note that these are being defined as а 2 
function of temperature for convenience. Ане Texap| i= T аСТ) :=ac-alf(T) 
Tc 
CA(T,P):;230DP cgr, py. Pb са 
2 В.Т Da(T) :=—a(T) 
(КТ) ат 
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СА(т,Р):=^С P carp) =P? d 
Р): 3 U^ RT Ба(Т):---а(Т) 
(В.Т) ат 
7(Т,Р):5|А«-СА(Т,Р) 
Be CB(T, P) 
-А.В 
А-В-В Vector of coefficients in the SRK equation 
Ve in the form 
-1 0=-A*B+(A-B42-B)*Z-*Z42+Z43 
1 
ZZe polyroots (У) Solution to the cubic 
for ie 0..2 


(2Z,—0) if (Im(Zz.) #0) 

1 1 

Set any imaginary roots to zero 

den Sort the roots 

22—72, if ( ZZ, |< 10°) 
Set the value of any imaginary roots 

77,-72, if ( 22 | 10°) to value of the real root 


ZZ 


Enter temperature T, and pressure P. 


Т :=-125 C Т:=27315+Т К Р := 100 


Fugacity expressions [actually In(f/P)] for the liquid fl and vapor fv 


f(T, P) = (Ж(Т,РУ,- 1) = In(ZCT, P), - СВ(Т,Р)) = 


Ге СОВА ов, 
СВ(Т,Р) АТР 


fv( T, P) := (“(Т.Р),- 1) = In(ZCT, P), - CB(T, P)) z 


E T jam ыы, 
CB(T, P) Z(T,P), 


Fugacity Fugacity coefficient 
fugl :=Р-ехр(ЯСТ,Р)) fugl = 34.64672 ЯСТ,Р) = -1.05997 phil епа phil = 0.34647 
Р 
fugv :2Peexp(fv(T,P)) иву = 34.64672 fv(T, P) = -1.05997  phiv RE MEY phiv = 0.34647 


Residual entropy for liquid (DELSL) and vapor (DELSV) phases 
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Z(T,P) + CB(T, P) 
DELSL := Rn(Z(T, P) теат) gf) 
0 b Z(T,P), 
Z(T, P), + CB(T, Р) 
DELSV := R-In(ZCT, P), - CB(T, P)) 20, | 46 





Ж(Т,Р), 
Residual enthalpy for liquid (DELHL) and vapor (DELHV) phases 


DELHL := RT-(ZCT, P), - 1) + 





b Т.Р), 


= Z(T, P), + CB(T, P) 
oru вт (2. ) iam [ле 


Z(T,P), 


Ideal gas properties changes relative to the reference state 


ср las түз?) Cp, (T°- Trs?) cp rt Trs) 
-——+-———+———— 


DELHIG := Cp (T - Тиз) + 
3 4 


2 2 3 3 
Е T Cp, (T — Trs ) Cp, (т - Trs ) 5 Р 
DELSIG := Cp ln ae ер Trs ) + — + —————————— В10 | — 
Trs 2 3 Prs 
Total entropy and enthalpy relative to ideal gas reference state 


SL:-DELSIG4 DELSL SV:=DELSIG+ DELSV HL:-DELHIG4- DELHL НУ: DELHIG4- DELHV 


= | 1-2 Т ? 
V :=7(Т,Р) .8.314-10 5 V, = 0.04081 V, =Z(T, P), 8341021 
P 


Жоғ 0.04081 


SUMMARY OF RESULTS 


Т = 148.15 К Vapor pressure, Баг Р = 100 
LIQUID VAPOR 
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Compressibility 


Volume, m^3/kmol 


Enthalpy, J/mol 
Entropy, J/mol K 
Fugacity coefficient 


Fugacity, bar 


LIQUID 
Z(T, P), = 0.3313 


V, = 0.04081 


HL = -9.29109* 10° 


SL = -83.19194 
phil = 0.34647 


fugl = 34.64672 


Some representative results are shown below. 


T(C) -125 
P=1 bar 

Z 0.9923 
У 12.2227 
Н -4301.41 
S -19.97 
Р-10 bar 

Z 0.9193 
У 1.1323 
Н -4561.07 
S -40.28 
Р=50 bar 

Z 0.1946 
У 0.04795 
Н -8938.78 
S -79.34 
Р=100 bar 

Z 0.3313 
У 0.04081 
Н -9291.09 
S -83.19 


-150 -175 
0.9872 0.9766 
10.1072 7.9693 
-4994.48 -5684.02 
-25.1 -31.35 
0.8565 0.03572 
0.877 0.02914 
-5357.T] -12395.6 


-46.18 -106.11 


0.1647 0.17634 
0.03373 0.02878 
-10919.2 -12338.7 


-93.79 -106.71 


0.318 0.34788 
0.03256 0.02839 
-10896.8 -12261.8 


-95.02 -107.39 
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-200 


0.9505 
5.7804 
-6375.9 
-35.49 


0.04292 
0.0261 
-13706.2 
-121.5 


0.21349 
0.02597 
-13628.9 
-121.86 


0.42446 
0.02581 
-13530.9 
-122.29 


VAPOR 
Z(T, P), = 03313 


V, = 0.04081 

НУ = -9.29109-10 
$У = -83.19194 
рых = 0.34647 


fugv = 34.64672 


5.53 Pure component properties calculation using the SRK equation of state 


Read in properties for Water 


Heat capacity constants 
Cp, :=32.218 Ср, :-0.192.10 


Тс :=647.3 Рс:=220.48 ош: 0344 


Cp, :=1.055.10° 


Cp, :=-3.593.10° 


3 
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Reference state and kappa calculation 








Trs := 373.15 Риз := 1.013 Кар :=0.480 + 1.574-0m- 0.176-0m-om 
22 
S-R-K Constants: R :=0.00008314 b =0,08664-% 1 ас :=042748.Ё de 
Pc Pc 
Note that these are being defined as a 2 
function of temperature for convenience. alf T) 2 1| 1+ кар|1- 249 a( T) :=ac-alf(T) 
Tc 
са(т,ру А ӘР? car py =P _4 
2 В.Т Da(T) :2 —a( T) 
(RT) dT 
7(Т,Р):5|А«-СА(Т,Р) 
Be CB(T, P) 
-А.В 
А-В-В Vector of coefficients in the SRK equation 
Ve in the form 
-1 0=-A*B+(A-B^2-B)*Z-*Z^2+Z^3 
1 
а C V) Solution to the cubic 
for ie 0..2 


(22,- 0) if (Im(ZZ,) #0) 
Set any imaginary roots to zero 


шан о Sort the roots 


ZL «cu if ( 77, | 10°) 
Set the value of any imaginary roots 
ZZ,—ZZ, if ( ZZ, k 10°) to value of the real root 


ZZ 


Enter temperature T, and pressure P. 


T:=5 С T :=273.15+T K Р:=0.15 


Fugacity expressions [actually In(f/P)] for the liquid fl and vapor fv 


Z(T, P), + CB(T, Р) 
f(T, P) := (Z(T, 5,- 1) = In(Z(T.P),- CB(T.P)) z а 


СВ(Т,Р) Z(T.P), 


Z(T, P), + CB(T, P) 
fv( T, P) := (zT. P,- 1) = n(Z(T, P), — CB(T, P)) = an | 


CB(T, P) Z(T,P), 
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Fugacity Fugacity coefficient 
fugl := P-exp(fl(T,P)) ие] = 0.09983 flT,P) =-0.40721 phil шэн! phil = 0.6655 
P 
fugv :=P-exp(fv(T,P)) иву = 0.14972 fv( T, P) = -1.83629* ICphiv ‚= МУ рых = 0.99817 
Р 


Residual entropy for liquid (DELSL) and vapor (DELSV) phases 








Z(T, P), 


А Z(T, P), + CB(T, P) 
DELSL := R-In(ZCT, P), - CB(T, P)) кэтии. 40? 

b Z(T, P), 

| Z(T, P), + CB(T, P) 
DELSV := Rln(Z(T, P), - CB(T, P)) 20, (eel 10° 


Residual enthalpy for liquid (DELHL) and vapor (DELHV) phases 


DELHL := RT (ZCT, P),- 1) + 


Т(Т.Р), 





Т.Ра(Т) - a(T) = РУ + CB(T, Че 


шанд 1) 


, Траст) - a(T) x P), + CB(T, "| 
b Z(T.P), 


Ideal gas properties changes relative to the reference state 


epis Тез?) Cp, (r^- Trs?) Cp, (T*- тз“ 
+ —————— «* —————— 


DELHIG := Cp (Т - Тиз) + 
3 4 


T ср„(т?- Trs?) СЕ = Trs?) 5 Р 
DELSIG = Cp, In e ды Ср(Т- Тв)------------------КІй0Ш|-- 
Trs 2 3 Prs 
Total entropy and enthalpy relative to ideal gas reference state 
SL:-DELSIG4- DELSL SV:=DELSIG+ DELSV  HL:-DELHIG4- DELHL НУ: DELHIG4- DELHV 
SUMMARY OF RESULTS 


Т = 323.15 К Vapor pressure, Баг P- 0.15 

LIQUID VAPOR 
Compressibility Z(T, Р), = 1.35706-10 4 Z(T, P), = 0.99816 
Enthalpy, J/mol HL = -4.74037 10^ НУ = -1.71382-103 
Entropy, J/mol К SL = -127.05678 SV = 10.96203 


Fugacity coefficient phil = 0.6655 phiv = 0.99817 
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5.54 (also available as a Mathcad worksheet) 


5.54 ISENTHALPIC PENG-ROBINSON EQUATION OF STATE CALCULATION 


Tc := 154.6 Pc := 50.46 om:=0.021 Кар := 0.37464 + 1.54226-от- 0.26992-0m:om 
Cp, =25.46 Ср = 1591107 Ср, :=-0.7151-10° Cp, i= 1311.10? 














. _ _ В-Тс E кте? 
Peng-Robinson Constants: В :=0.00008314 b :=0.07780- ас := 0.45724. 
Рс Рс 
Input initial temperature and pressure of calculation Ті:= 120. К, Pi :=30 bar 
Input final pressure Pf :-30 bar 
Initial state calculations T :=Ti Р:-Р 
2 
alf T) :=1:| 1+ Кар: |1- 8 a(T) :-acalf(T) CA(T,P) aT) P CB(T, P) ED 
Da(T) 24 XT) 
ат 
Z(T,P) := | А«- СА(Т,Р) 
Be CB(T, P) 
-(a-B- в? в?) 
2 Vector of coefficients in the PR equation 
Ve А-38-28 in the form 
-(1- B) 0=-(A*B-B42-B43)+(A-3*B42-2*B)*Z-(1-B)*Z42+Z43 
1 
ZZe polyroots( V) Solution to the cubic 
for ie 0.2 


(22-0) if (Im(ZZ;) #0) 
1 1, . . 
Set any imaginary roots to zero 
ZZ sort(ZZ) Sort the roots 
: -5 
жонон | SRi k n | Set the value of any imaginary roots 
77—72, if | 77, | 10°} to value of the real root 
ZZ 


Calculate inital properties AAO ED ЛЭЭ) 


0.0888 
Calculate initial molar volume VL OUS m Z(T,P) =| 0 
and enthalpy and entropy Р 0.0888 


departure 
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з ГЭР Z(T, P), + \1+4/2/-CB(T, Р) 
Ара) a(T) iu 0 ( 4) 10° 


DELHin :=| R-T-(Z(T,P)— I 
l ) 22-5 ZT, P), + (1-42) свет, P) 


242b | Z( T, P (1- b) “СВ(Т,Р) 





DELSin := R-In(ZCT, P), - CB(T, P)) + 


РЕ Н = —5.9875* 10° DELSin = -40.1647 
Guess for final state T :=0.8 Ti P :=Pf 


Fugacity expressions [actually In(f/P)] for the liquid fl and vapor fv 


fi( T, P) -(2(Т,Р),- 1) = In (ZCT, P), — CB(T, P)) = 
242-CB(T,P) |7(Т,Р) + (= b) -CB(T, P) 


fv(T,P) := (zT, P), - 1) - In(ZCT, P), - CB(T, P)) = 
242-CB(T,P) |2(Т,Р)„+ ( = b) -CB(T, P) 


Given f(T, P) - fv( T, P)=0 T :=find(T) T - 101.906 
Residual entropy for liquid (DELSL) and vapor (DELSV) phases 


рат) ү | ZT Pot (аро) свет, р) 





РЕГ 51(Т,Р) := R-In(Z(T, P), - СВ(Т,Р)) + 10 
2.402 2(Т.Руу (1-4) свст.р) 
DELSW T, P) := R-In(Z(T, P), - CK(T, P)) + m| — 110 





242b |Z(T,P) + ( = b) “СВ(Т,Р) 


Residual enthalpy for liquid (DELHL) and vapor (DELHV) phases 


DELHL(T, P) : 


) n T-Da(T) - a(T) |. Z(T, P)o + (1-4) -CB(T, P) ; 


В-Т(7(Т,Р)-1 шээг гэ 
у 2-\[2Ъ ZT, P), (1-4) свст.р) 


DELHW T, P) :=| R T-(ZCT, P), — 1) + 
: 24. ZT, P), (1-4) свст.р) 


Solutions to Chemical and Engineering Thermodynamics, Je 


Ideal gas properties changes relative to the initial state 


Cp, (1? Ti) Cp, (T - те) Ср, (17-11) 
E H акт Е I 


DELHIG T, P) :: Cp, (T - Ti) + + 
3 4 


2. 22 з „3 
_ T | Cp, (T - т?) Cp, (т - тё) 5 [Р 
DELSIG(T, P) := Cp,-In| — | + Cp, (Т Ti) + ———— —— + _______ - R:10-In| — 
Ti 3 Pi 
Find vapor-liquid split х:=0.5 
Given 
x DELHWT, P) + (1— x)-DELHL(T, P) + DELHIG T, P)=DELHin 
x:- find( x) x- 0.1618 Fraction vapor 
НУ: DELHW (T, P) + DELHIQ T, P) SV :=DELSV(T, P) + DELSIG(T, P) 
HL := DELHL(T, P) + DELHIG(T, P) SL ‘= DELSL(T, P) + DELSIG(T, P) 
ôH :=хНУ+ (1- x) HL- DELHin 65 :=х.5У+ (1- x).:SL- DELSin 
SUMMARY OF RESULTS 
FEED LIQUID VAPOR 
Temperature, K Ti = 120 T = 101.906 T = 101.906 
Pressure, bar Pi = 30 Р-3 Р-3 
Vapor-liquid split х= 0.1618 
Compressibility Z(Ti, Pi), = 0.0888 Z(T, P), = 9.346410 3 Z(T,P), = 0.9309 
Барух Amol 0 HL = -7.0203-109 HV = -635.2466 
(relative to feed) 
Entropy, J/mol K 0 SL = -48.8038 SV = 13.8527 
(relative to feed) 
Enthalpy change $H-0 


J/mol 


Entropy change _ 
Jimol K 8S = 1.4957 
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ISENTROPIC PENG-ROBINSON EQUATION OF STATE CALCULATION 








Tc := 154.6 Pc := 50.46 om := 0.021 Кар := 0.37464 + 1.54226:0т- 0.26992.0m:om 
Cp, :=25.46 Фр, :=1.591-107° Ср, :=-0.7151-10° Cp, = 1311.10? 
DUO 
Peng-Robinson Constants: R :=0.00008314 b :2007780.8 T€ ac :=045724.К 2: 
Рс Рс 
Input initial temperature and pressure of calculation Т!:=120. К, Р1:=30 bar 
Input final pressure РЁ:=3.0 Баг 
Initial state calculations T:-Ti Р:-Р 
2 
ай(Т):51|16Кар(1- [2 a(T):sacalfT) CACT, P) =E oa, e 





ра(1):52-а(т) 

ат 
7(Т,Р) := |А<СА(Т,Р) 
Be- СВ(Т, P) 


-(a-B- в? в?) 


2 
у | А-387-28 
-(1-В) 
1 
ZZ« polyroots (У) 
for ie 0..2 
(22,- 0) if (Im(Zz.) #0) 
ZZec sort( ZZ) 
Қ -5 
27—72, if (7, | 10 ) 
, -5 
77—77 if ( zz, | 10 ) 


ZZ 


Calculate inital properties 


Calculate initial molar volume 
and enthalpy and entropy 


departure 


Vector of coefficients in the PR equation 
in the form 
0=-(A*B-B42-B43)+(A-3*B’2-2*B)*Z-(1-B)*Z424+Z43 


Solution to the cubic 


Set any imaginary roots to zero 
Sort the roots 


Set the value of any imaginary roots 
to value of the real root 


Zf(T, P) :=Z(T, P) 


0.0888 
ое Z(T,P) =| 0 
Р 0.0888 
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- Z(T, P), + A 4-42/-CB(T, P) 
+ Траст) - (T) у 0 AP) 3d 


DELHin :=| R-T-(Z(T, P), - 1 
| ) 245: XT, P) + (1-42) .CB(T, P) 


DELSin := хо ан 25 [zm u- A2) cic m 
4/2. Руы \1- 4/2; CBT, 


10 





DELHin = -5.9875" 10? DELSin = 740.1647 
Guess for final state T :=0.8 Ti P :=Pf 


Fugacity expressions [actually In(f/P)] for the liquid fl and vapor fv 


састы) | Pot (1+4) свет, р) 


Ш(Т,Р):= (ЖТ,РУ,- 1) = In(Z(T, P),- CB(T, Р) i 242-CB(T.P) | 2(Т.Р) + (1 Ap) CB(T, P) 
; 2 Е | ! 


®(Т,Р) :=(Д(Т,Р),- зл >» 2-СВ(Т,Р) | 207,P),+ (1-40) caer р) 
, ғ) = ! 


Given — f(T, P) — %(Т, P)=0 T :=find(T) T = 101.906 


Residual entropy for liquid (DELSL) and vapor (DELSV) phases 





раст) ү Z(T.P), + (1+) CB(T, m 





DELSL(T, P) := R-In(ZCT, P), - CB(T, P)) + jv on dec ар 

2412 Z(T,P), + (1-42) CB(T, P) 

Da(T) 2(Т,Р),+ (1+2) свет, р) 5 
DELSW(T, P) := RAn(ZCT, P), - СВ(Т,Р)) + дира h0 

24/2 z T, P), + (1-40) свт, m 
Residual enthalpy for liquid (DELHL) and vapor (DELHV) phases 

cues z T, P + (1 +42) CBCT, P) 

DELHI T, P) := RT (Z(T, P),- үү ыш gg Ng MM ык елы | ТІ 


2-42-b Z(T,P) + (1- b) -CB(T, P) 


DELH\(T, P) := R-T-(Z(T,P),— 1) Б 
24|2-b Z(T,P), + (1- a) -CB(T, P) 
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Ideal gas properties changes relative to the initial state 


Cp,: (12-19) Cp, (17 - T) cp > тё) 
DELHIGCT, P) iz Cp, + 2 


T Cp, (^- т?) Cp, (r^- Ti) s. [P 
DELSIG(T, P) ‘= Cp, ш|— | + Cp, (T Ті) + — ——— —— + ——— -RIO | 

Ti 2 3 i 
Find vapor-liquid split х:=0.5 


Given 


x DELSW(T, P) + (1— x)-DELSI( T, P) + DELSIQ T, P)=DELSin 


х:= find( x) х= 0.1379 Fraction vapor 
HV ‘= DELHV(T, P) + DELHIG(T, P) SV := DELSW(T, P) + DELSIG(T, P) 
HL ‘= DELHL(T, P) + DELHIG( T, P) SL := DELSL{T, P) + DELSIG(T, P) 
ôH :=x-HV+ (1- x) HL- DELHin 9$ :2xSV-(1- x). SL- DELSin 


SUMMARY OF RESULTS 


FEED LIQUID VAPOR 
Temperature, K Ti = 120 T = 101.906 T = 101.906 
Pressure, bar Pi = 30 Р-3 Р-3 
Vapor-liquid split х= 0.1379 
Compressibility Z(Ti, Pi), = 0.0888  Z(T, Р), Е 9.3464*10 3 Z(T, P), = 0.9309 
enthalpy, Jimel 0 HL = -7.0203-109 HV = -635.2466 
(relative to feed) 
Entropy, J/mol K 0 SL = 748.8038 SV = 13.8527 
(relative to feed) 
Enthalpy change ЭН = -152.4165 
J/mol 
Entropy change 55-0 


mal K 
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5.56 ISENTHALPIC S-R-K EQUATION OF STATE CALCULATION 











Tc := 154.6 Pc := 50.46 om:=0.021 Кар := 0.480 + 1.574:от- 0.176:0m:om 
Cp, = 2546 Фр = 1591-10 Ср, :=-07151-10° Cp, = 1311-10? 
R.Tc R^ Tc 
S-R-K Constants: R :=0.00008314 b :=0.08664- ас := 0.42748. 
Рс Рс 
Input initial temperature and pressure of calculation Ti:2120. К, Pi:=30 Баг 
Input final pressure Pf :=3.0 bar 
Initial state calculations T:=Ti P :=Pi 
2 
alf( T) := 1.| 1+ Кар-|1- 2 a(T) :=ac-alf(T) СА(Т,Р) := aE, CB(T, P) eae 





ра(Т):52-а(т) 
ат 


7(Т,Р):5|А«-СА(Т,Р) 

Be CB(T, Р) 

-A-B 

ASR SB 
-1 
1 
ZZ«c polyroots( V) 
for ie 0..2 
(zz. 0) if (Im(ZZ)) #0) 


Ve 


ZZe sort( ZZ) 
22—72, if ( ZZ, [< 10°) 
ZL—ZZ, if ( ZZ, |k 10°) 
ZZ 

Calculate inital properties 

Calculate initial molar volume 


and enthalpy and entropy 
departure 


DELHin := RT-(ZCT, P), - 1) 


Vector of coefficients in the S-R-K equation 
in the form 
0=-А*В+(А-В^2-В)*2-2^2+2^3 


Solution to the cubic 


Set any imaginary roots to zero 
Sort the roots 


Set the value of any imaginary roots 
to value of the real root 


7КТ,Р):=7(Т,Р) 


0.1004 
22152120 ae Z(T,P) =| 0 
P 0.1004 


Ж Т.Ра(Т) - аСТ) eel 


Z(T, P); 
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DELSin :- Rn(Z(T, Р) - СВСТ,Р) + 





раст) [ZT Py СВЕТ.) |, 
b Z(T, P), 


DELHin - 76.0618* 105 DELSin = 740.9502 


Guess for final state Т :=0.8:Ті P :=Pf 


Fugacity expressions [actually In(f/P)] for the liquid fl and vapor fv 


Z(T,P) + CBT, P) 
fT, P) = (CT, P),- 1) - m(ZcT.P),- CBT, P)) - ааа 


СВ(Т, Р) 2(Т,Р), 


Z(T,P), + CB(T, P) 
(Т, Р) := (2(Т,Р),- 1) Ж In(z(T.P),- CB(T, P)) Ж e Mm 


CB(T, P) Z(T,P), 
Given НСТ, P) - fv(T, P)=0 T :- find( T) T = 102.0671 


Residual entropy for liquid (DELSL) and vapor (DELSV) phases 


Z(T, P), + CB(T, P) 
DELSL(T, P) := ат. CB(T, P)) OVER 
2 0 


DELSV(T, P) := 





R-n(Z(T, P), - CB(T, P)) + 





раст) [ZT.P),* BOP |, 
b Z(T,P), 


Residual enthalpy for liquid (DELHL) and vapor (DELHV) phases 


| К Z(T, P), + CB(T, P) 
DELHL(T, P) ттт 1) аа 


ТОР), 


DELHV(T, P) := R-T-(Z(T, P), - 1 + 





DIEA лы 5 
b Z(T, P), 


Ideal gas properties changes relative to the initial state 


Cp,: (12-18) Cp, (17 - тё) Cp, (1^- Tí) 
———— Е. 


DELHIQ T, P) := Ср, (Т Ti) + 
3 4 
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DELSIG( T, P) =н) eco, r- To 5 
1 


Find vapor-liquid split х:= 0.5 
Given 
x DELHWT, P) + (1— x)-DELHL(T, P) + DELHIG T, P)=DELHin 
x :7 find( x) 


x= 0.1661 Fraction vapor 


HV :=DELHV(T, P) + DELHIQ T, P) 
HL := DELHL(T, P) + DELHIG(T, P) 
ôH :=xHV+ (1- x)‘HL— DELHin 


SUMMARY OF RESULTS 


FEED LIQUID 
Temperature, K Ti= 120 T = 102.0671 
Pressure, bar Pi = 30 Р-3 


Vapor-liquid split х= 0.1661 


p а> Ti) E Cp, (T - TÉ) 


SV := DELSWV(T, P) + DELSIG(T, Р) 
SL‘=DELSL(T, P) + DELSIG(T, P) 


65 :=х8У+ (1- x) SL- DELSin 


Compressibility 


Enthalpy, J/mol 


Z(Ti, Pi), = 0.1004 


Z(T, P), = 0.0106 


HL = -7.1435*103 


(relative to feed) 4 

Entropy, J/mol К 0 SL = 749.936 
(relative to feed) 

Enthalpy change 5Н-0 
то! 

Entropy change _ 

Пғалі K 6$ = 1.6121 


5.57 (also available as а Mathcad worksheet) 


5.57 ІБЕМТКОРІС S-R-K EQUATION OF STATE CALCULATION 


Tc := 154.6 
Cp, = 25.46 


Pc := 50.46 
Cp,:-1.59L107 Ср, :=-07151-10° 


от := 0.021 
Cp, = 1311-10? 
В.Тс 


b :2 0.08664.——— 
Pc 


S-R-K Constants: К := 0.00008314 


Input initial temperature and pressure of calculation 
Pf :2 3.0 bar 
Т:=Ті 


Ті:= 120. К, 
Input final pressure 


Initial state calculations 


- R10 an| E. 
Pi 


VAPOR 
T = 102.0671 


Р-3 


Z(T, P), = 0.934 
НУ = -630.1699 


SV = 13.8781 


Кар :2 0.480 + 1.574:от- 0.176:0m:om 





2 2 
ас :=042748Е1© 
Рс 
Pi:=30 bar 
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2 
alf(T) :=1. Le kap.|1-. [> а(Ту:ғаса (Т) САСТ,Р) CD P carr, py =P? 
Tc (В.Т)? RT 
Da(T) =% XT) 
dT 
Z(T,P) := [A CA(T, P) 
Be CB(T, P) 
-A'B 
A- в2 В Vector of coefficients т the S-R-K equation 
Ve in the form 
-1 0=-А*В+(А-В^2-В)*2-2^2+2^3 
1 
ZZe polyroots( V) Solution to the cubic 
for ie 0..2 


(zz- 0) if (Im(ZZ,) #0) 
Set any imaginary roots to zero 


ZZc sort(ZZ) Sort the roots 


72,727, if ( ZZ, |< 10°) 
Set the value of any imaginary roots 

27—77) if ( ZZ, | 10°) to value of the real root 

ZZ 


Calculate inital properties ATES EEE) 


0.1004 
Calculate initial molar volume ie ae Z(T,P) =| 0 
and enthalpy and entropy Р 0.1004 


Черагїиге 


| 2 Z(T, P), + CB(T, P) 
DELHin -rgan 1) кто 0 |м 


Ь Z(T, P), 


| 7(Т,Р) + CB(T, P) 
DELSin := ат. CB(T,P)) 20, oe 10° 
0 


РЕГ Hin = -6.0618*103 


DELSin = 740.9502 
Guess for final state T :=0.8-Ti P :=Pf 


Fugacity expressions [actually In(f/P)] for the liquid fl and vapor fv 
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Z(T, P), + CB(T, P) 
fl( T, P) := (zc, Р)- 1) = In(Z(T, P), — CB(T, P)) = e MA. 


СВ(Т,Р) Z(T, P), 


Z(T, P), + CB(T, P) 
fv( T, P) := (Z(T,P),- 1) = ш(2(Т.Р),- CB(T, P)) s HR ==" 


CB(T, P) Z(T,P), 
Given — f(T, P) – fv(T, P)=0 T := find( T) T - 102.0671 


Residual entropy for liquid (DELSL) and vapor (DELSV) phases 








Z(T, P), + CB(T, P) 
DELSLT, P) := [R-n(Z(T, P), - СВІТ, P)) ЭЕ sl 40 
b ТР, 
Z(T,P),+ CB(T, P) 
DELSV(T, P) := RAn(ZCT.P),- CB(T, P)) 20, (oe 10° 





Z(T, P), 
Residual enthalpy for liquid (DELHL) and vapor (DELHV) phases 


DELHL(T, P) := RT (ZCT, P),- 1) + 





шн Шы 22110 
(ТР), 


_ Z(T, P), + СВСТ,Р) 
DELHW T, P) ттт, ) Dmm 


b Z(T, P), 
Ideal gas properties changes relative to the initial state 


Ge Té) Cp, (T - TÉ) Ср, (15-18) 
Lu эээ 


DELHIG T, P) := Cp, (T - Ti) + 
3 4 


| | 


DELSIG(T, P) := Cp, Ја es TCp,(T- Ti)4 
0 Ti 1 


Find vapor-liquid split х:=0.5 
Given 


x DELSW T, P) + (1— x)-DELSI( T, P) + DELSIG(T, P)=DELSin 
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х= find( x) x= 0.1408 Fraction vapor 
HV :=DELHWT, P) + DELHIG(T, P) SV := DELSV( T, P) + DELSIG(T, P) 
HL :=DELHL(T, P) + DELHIG(T, P) SL ‘=DELSL(T, P) + DELSIG( T, P) 
ôH :=хНУ+ (1— x) HL- DELHin 65 :=x-SV+ (1— x): SL- DELSin 


SUMMARY OF RESULTS 


FEED LIQUID VAPOR 
Temperature, K Ti- 120 T = 102.0671 T = 102.0671 
Pressure, bar Pi = 30 Р-3 Р-3 
Vapor-liquid split х= 0.1408 
Compressibility Z(Ti, Pi), = 0.1004 ZT, Р), = 0.0106 СТ, Р), = 0.934 
у, што! 0 HL = -7.1435* 10? НУ = -630.1699 
(relative to feed) 
Entropy, J/mol K 0 SL = -49.936 SV = 13.8781 
(relative to feed) 
Enthalpy change ЭН = -164.5454 


J/mol 


Entropy change 
mal K 


9$ = 71054-10 15 


5.58 This problem was solved using the attached Mathcad worksheet. The results are 


TÓC) P? with ОТ) P"? with o1 (Р іп kPa) 
273.15 0.3137 166.57 
283.15 0.5529 221.329 
293.15 1.697 288.55 
303.15 3.208 369.83 
323.25 9.994 580.97 
343.15 26.681 867.65 
373.15 92.355 1467.0 
393.15 186.67 1997.1 
423.25 463.23 3016.5 
448.15 886.08 4094.2 
474.15 1599.4 5456.5 


523.15 4065.2 8759.0 
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623.15 16744 18865 
643.15 21060 


As can be seen, the S-R-K equation is of comparable accuracy to the P-R 
equation. In both cases if the © parameter is set to one, the results аге not very 


good, indeed quite bad at low temperatures. 


The Mathcad worksheet used in solving this problem is given below. 


VAPOR PRESSURE CALCULATION USING SRK EQUATION 


Read in properties for Water Te ;=647.3 Рс;=220.48 om ;=0.344 








kappa calculation Кар ;=0.480+ 1.574-0m— 0.176-o0m-om 
S-R-K Constants: R ;20.00008314 b ;2 0.08664 — © de;z042748 —- 
с ^c 
Note that these are being defined as a 1 
function of temperature since we will al T) 1| 14 kap [1 1 a( T) асан T) 
need to interate on temperature. Tc 
САТ, P) MDE СВ(Т.Р} 255 
(R-TY ал 
ИТ,Р);= ПАСА Т.Р} 
Be-CHWW T. P) 
-AB 
A-B'—B Vector of coefficients in the SRK equation 
vel іп the form 
-! 0=-А*В+(А-В^2-В)*2-^2^2+2^3 
1 
Sc PERDUNY) Solution to the cubic 
for іг 0.2 
(2—9) it ((/7)%) 
ZZi- sott 22) Set any imaginary roots to zero 


Sort the roots 
27-77, if |%, Ї иг?) 
- Set the value of any imaginary roots 


7777 if |% ў ur? to value of the real root 
2 v T | V 
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Enter temperature T, and pressure P. 

Depending on what is specified in the Given and Find statements 
below, either T or P is specified and the other is an initial guess 
which may have to be adjusted as the other variable is changed, 
especially as the critical point is approached.This worksheet will 


probably not converge to a solution when T or P are within 3 to 5% Г;=643.13 
of the critical values unless an extremely good initial guess is 
provided. One way to obtain a good initial is to start well below the Р;=210 


critical region and step towards it using the result of previous calculations. 
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Fugacity expressions [actually In(f/P)) for the liquid fl and vapor fv 


IK T, P) ie (zr, P), - 1)- m(zcr.P),- CMT, P)) 


CALCE Py, Т.Р + СЕТ, P) 
-.------цЦ-- 
CBIT, P} ZIT, P), 


` › ИТ.Р},+ СВЕТ. P) 
fT, P) = (й r.P),- )- (л T. P),- СВ r.P)) CMT.) ——— 


СВСТ.Р) Т.Р). 


GIVEN IK T. P)- PCT. P920 Equate log of fugacity coefficients 
P t= find P) P= 210.59561 Solve equality of fugacities 
Fugacity Fugacity coefficient 
" М " Mis fugl 
fugl :2 P-exp IX Т.Р)! fugl = 141,78565 КТ.Р) =-9.39562  phil:—— 
р 
Киру i= Pexpt M T, P1) Киру = 141.78565 fiy T, P) = 70,39562 
SUMMARY OF RESULTS 
Г = 643,15 К Vapor pressure, Баг P= 2110. 59561 
LIQUID VAPOR 
Compressibility Z( T. P), = 0.25283 Z(T. P), = 0.42294 
Fugacity, bar 
e ие! = 141,78565 fugv - 141.78565 


5.59 (also available as a Mathcad worksheet) 


The solution is that the final temperature is 131.34 K, and the final pressure is 
37.036 bar. 


5.59 Using SRK EOS with the approximate two-constant heat capacity expression 








Property Data Тс :=126.2 Рс: 3394 от:=0.04 Срї::272 Ср2:= 0.0042 
(TIR s Pin ary К :=0.00008314 Кар :=0.480 + 1.574-от- 0.176:от:от 
Initial Conditions (Vt-total volume, m^3): Тіз-170 Рї 100 Мї:=0.15 
2,2 
Peng-Robinson Constants: b :=0.08664 T° ac := 0427485 Е 
Рс Рс 


Initial temperature Т :- Ti 


Note that these are being defined as a 

function of temperature since we will need to alf( T) ‘= | + Кар. 
interate on temperature later to obtain the final 

state of the system 





2 
i T 
 ATc a( T) :- ac-alf( T) 


Da( T) :-S (Т) 
dT 


Find initial molar volume and number of moles _RTi 
Start with initial guess for volume, m^3/mol ^ Pi 
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tss ‚_ RT а(Т) | 
Solve P-R EOS for initial volume Given р м ‘= Find( V) 
V-b (V(V+b)) 
Initial molar volume and Vi = 102-10 4 Nu м 1471103 
number of moles м 
Entropy departure at the DELSi := Raoni- pos ED 
initial conditions RT b Vi 
Е : "T ‚_ 0.15 a 
Now consider final state Nf :=Ni- 10:50 Vf :=—— V i= VE 
Nf 
Type out inal number ор Nf = 971.269 Vf = 1544410 ^ 
moles and specific volume 
Final pressure, will change in course _ RT a(T) 
і PC) aS 
of solving for the final temperature V-b V(V+b) 
Entropy departure DELS(T) :=| Rn| (V— pj ED 4% Da(T) 4. V+b 10° 
at final conditions ЕТ Ь V 














Solve for final 
temperature using 
S(final)-S(initial)=0 


S ema [E + 0.0042 (T - Ti) – Ri [E + DELS(T) - DELSi 
Ti Pi 
T :=FIND(T) 
Type out solution T = 131.34 Pf(T) = 37.076 


5.60 a) At a given temperature, the stability limit of a fluid is determined by the 
following criterion (Note that this leads to the spinodal curve) 


СЕ 
Vp 


For the given EOS, the stability limit of a fluid undergoing a pressure change at 
constant temperature is 


9P| _ RT „ВКТ CRT _ 
Qu Wy р ye 
or V? +2BV +3C =0 








In order to have a phase transition, there must be two distinct stability limits, 
1.е., the above quadratic equation must have two different roots of V. Therefore, 


(28) -Ax1x BC) > 0 
or B? »3C 
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b) According to Illustration 4.2-1 


oP 
dU = CydT — | -PdV 
ey БЕЗ c 


oP 
But for the given EOS | =) = r| =0 
ӘТ /у 


Therefore, 

AU = [au = | yd. ar 
9 9?P 

Since aS -Т|--| = 0 (Because В and C are not functions of 7) 
WV + oT y 


Therefore C, = C,(T) = С, =а+ЬТ 


апа 
К b 
AU = |(a+bT)dT= alh- 1)+ (1; - 1) 
Т 
The internal energy change is the same for an ideal gas. 


с) According to Eqn 4.2-19 


as- Cars (27) dV sothat 
мин, ӘТ /у = 


(25) RT ВЕТ СЕТ 
Т — --- + 
oT) ту Р EE e r’ 
oV 








5 i Cy © a+bT E at+bT 
For an ideal gas, 


=) Р x RT 


3 х= 


3 








a+bT at+bT V(a+bT) 
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Thermodynamic properties of n-Hexane by William Provine. 





T= 460 К 
T= 500 К 
‘fe 
то 
16 
Ғы, *° 
: 7-923.15 К 
$ 7=673.15 К 
7-500 К 
zZ 
T-420 К 
/ 


a. / 0-5 ло Xo /00 59.0 (90. 


У (on? | demo!) 
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Thermodynamic properties of n-butane by Chiu Chan 
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Thermodynamic properties of methane by Michael Sowa 












TE E za ЕЕ 

SIE a 4 ІНГІ uS 
арас ERA 
еш Sees алана наас еа К Ses 


arip ETT * B 117: = то = Жа e 


"EO 
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61 (a) 


(b) 


By Eqn. (6.2-3) 


but G, =H,-TS,. Thus 


a = Н, - TS; 
ON, TD Р,5 М 


Since U = U(S,V,N ) 


au - (3) ЕЗ Ys dN, 
5 Jy у pis TAON, I sy x, 
= TdS – Рау Xx ах, 0) 
i SVN jai 


i 


However, we also have U = H— PV; dU dH — Рау —VdP , and, by Eqn. 
(6.2-3) 


dU -УаР--Та8--) С̧ам, – PdV-VdP = Td$ -PdV +} GaN, 0) 


i 


- дс 
Equating (1) and (2) shows that С; = (55) . Next we start from 
SVN jx 


A= АТ,У,М) 


ЫЕ ars 94) w+¥(24) ам, 
anb Wort сут КЩ 


i 


or 


i 


OA 
dA =-5АТ — PdV + 524) ам, (3) 
і TVN уд 


However, we also have that 4= U — 75 ; 
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dA = dU – TdS- SdT = TdS — PdV + У Сам, — TdS — SdT 
or 
dA — —SdT — PdV+ У Сам, (4) 


Comparing (3) and (4) yields 


б, 155) 
ON, Т.И, Мы 


6.2 (а) General: Ө = Ум, where Ө = (90/9 Nj), , , and 
Ur FH 


4ө- у`өам,+ у N,40, (1) 
However, we also have that 


4ө- 57) dT EJ dV + 529) ам, (2) 
ƏT)y w ƏV ух ӘМ, ли, 


i 


Subtracting (2) from (1) yields 


oT VN aV TN ON; Т,У,М үд 


1 


At constant Гапа V 


= o0 г 
0-3, 8-(29.) ex +) №, 


1 


(general equation) 


For Ө- A4, 0, = 4, and БЭ 458) =G. Thus, 
9 N, TVN ы Эм, TV WN jai 
a-[39]  =4-б=-РЁ and 
ON, TV SN ы 


у ХАА, we РУ VaN,|. y Specific equation for Ө = A 


(b) Following the analysis above, we also get 
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s- (38) « (9) dy «Y, 9-99.) ам, + È ма, 
90 Jy y ӘУ Jun ON; UV Nig 


and, at constant U and V 


0- Ys = ЕЗІН +) хө, 


i 


ON, 


i 


95 С. 
Now, choosing Ө- S , and using that ЕЗ = ——-, which is easily 
UV. N gi T 
derived, yields 
-TE NaS, =} нам, 


(c) Following a similar analysis to those above, we obtain 


a a - a = 
o= 38) 48-29 dV +), a-(29- ам, + у №6; 
95 27 oV SN ON; SVN i 


which, at constant V and S, reduces to 


0-26 42% ам, + Y. мае; 
ƏN SVN а 


Finally, using © = U , and (90/9 №); ух. = С; yields 
эгэл эн 
2: NAU,|, , = Linens ТАМ; , 
6.3 (а) At constant U and V, S = maximum at equilibrium 


(27-22: 420 к. 
5-51 gl -Y wis! «Y м5" 


і-і 1-1 


but 








I I I 
a5-o- (327) e «(35 ШЕЛ dN; 
9U у 9V Jy х ЭМ Лим 


i 


П П П 
Еа wif 25) ӚЗЕГІ амт 
OU” Jy xy ƏV" Jox әм Те 


Since U = U! +U! = constant, dU" = -qu! 
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Since И=И +V! = constant, dy! =-ay' 
and since №, = № + NI — constant, ам! = -аМ| 


Also, 
95 1 (9S Р OS” G, 
-- БИИР =— rz Hd E 
aU VN T (ӘУ U.N ƏN, ЛАТ Т 


(see previous problem) 


Thus 
1 1 i p! p! i С} G" i 
= T! = T"; p! = РИ; апа С! = с! 


for equilibrium іп a closed system at constant U and V. 
(b) Fora closed system at constant 5 and V, U has an extremum. Thus 


I I 
dU =0 12 | dS (5 Т ау! X32 3 aN 
9S Jy y ӘРЕ ЭМ ун, 


au" п (90! I әй" П 
ДЕ dS" + ail ау"-У. sp dN; 
VIN S\N i i JUAN jä 

















1 


but S, Vand N,, /-1,--, C are constant. Thus 


dU =0 = (Tr! - T'as! + (P! - Рау! уе: - спам: 
SDP =T", Р! = P" and С, eg 
for equilibrium in a closed system at constant S and V. 


6.4 (а) Fora closed system at constant T and V, A is a minimum at equilibrium; thus 
dA, т = 0. From Eqn. (6.2-5) 


dA — — PdV — 547+ У Сам, or dA|, p= У, GAN, 


But, N; = N; о+У,Х. Thus dN, =v,dX and 


aA = 
dA], r (Y, v;G;)aX = 0 or -Ум/(б,-0. 
dX) 4 


(b 


— 


For a closed system at constant U and V, S = maximum, or 45), у = 0. From 


1 Р = 
Eqn. (6.2-4) d$ = 740 А 223 СААМ, ; thus 
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dS], y B --Х сам, ог Чу = -4E Gy, )dX 


and 


6.5 Let т; = molecular weight of species i. Multiplying Eqn. (6.3-2а) Бу т, and 


summing over all species i yields, for a closed system 


У тм, = total mass in system = Ут, Мо + X) vm, 
total mass in 
system initially 


However, since the total mass is a conserved quantity, 
Ут, - Ут мо > ХУ vim -0, where X can take on any value. 


Consequently, if this equation is to be satisfied for all values of X, then 
Уу jm, =0! 


M 
Similarly, іп the mu Iti-reaction case, starting from N, = N, 9 + Уу,Х, ‚ же get 
j=l 


о 


C C M C M M с 
YnN, -)mN,, 222 т, Уул, = Ym ЖҰ =0= Y xvm 
гі i=l i=l j=l гі j=l jal da 


Since the X j 8 are not, in general, equal to zero, we have 


C 

Y) vum =0 

іі 
In particular, for the reaction H,O = H, -(1/2)0,, or Н, + (1/2)0, -H,0=0, we 
have 


Y vn, = (+00) «(jen +(-1)(18) 20. 
6.6 From Eqns. (6.6-4) we have 


= O(AV . 
V = V * AV mix E 0) 
Ox, EP 


and 
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E 9(AV 


Vy =V, + АИ tx У six) Q) 


Әх, Т,Р 


Now since 7, P and X, are the independent variables, we have that 


O since pure component volume is a function of 


T and P only 
" O (Av | 
tnl, Г 7 we * «(Ду mix dh. Р d я ES 
O(Av . ӘЗ (А 
= Lai) LEX “Ви цг о, Ум) 
Әх, Т, Р нэ 
o? 
- жегі Барын у 
Ox? Pop Ox, 


= O(AV |) 
dV, Т.р АЦ тыс T 


ox; 





Similarly 


dx, 
Т,Р 


ОЦАР |) ОЦАР |) 
Ухо ть = mi 28 = хә ор ) 2n = 


Thus, A and V, given by equations (1) and (2) identically satisfy the Gibbs- 
Duhem equation Y xol, = 





Thus 


A similar argument applies for the partial molar enthalpies of Eqn. (6.6-9). 
6.7 (also available as a Mathcad worksheet) 


The students can solve this problem by drawing tangent lines to the AFV nix 


curves. Polak and Lu smoothed their data using the Redhich-Kister equation (see 
Eqn. (6.6-5a)). That is, they fitted their data to 


AV к = jx) Ci — x^ 2x(-x)) С,1-2хУ7 
ja 


Now 
al oe) @-х)У,С,(1-2х)7! 
-x), C, - 2x) -2x(0- x) C;G- 00 - 2x 7 
Thus V,-Y, = (АУ „,)- „ы (1-х) 44-258} a) 
1 


and 
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— O (AV . 
V, =V, = (AV s) са ДАЙЫ. Азон) w 
м 


where 


A- Y .C(1-2x) ие B= Y CjG- 00-2)? 
j=l j=l 
Taking species 1 to be methyl formate, Polak and Lu found 


C, C, С, С, 
methylformate- Methanol —033259 —010154 —00516 0.0264 
methyl formate-Ethanol 081374  —0.00786 00846 00448 


[units are cc/mol; multiply by 10? to get п кто! 


I have used the equations above and the constants given to find W-V, and 


V, - V, , Since this leads to more accurate results than the graphical method. 


The results are tabulated and plotted below. 
Methyl formate - Methanol 


Xu 0 0.1 02 0.3 04 0.5 

AV... (сут) 0 -0039 -0065 -0080 -0085 -0083 

V, y, -0459 -0.329 -0.225 -0148 -0.093 -0058 

V, -V, 0 -0007 -0025 -0.051 -0.080  -0.109 
4 0.6 07 08 09 10 

АУ (со/шо) -0075 -0063 -0047 -0027 0 

Й-, -0.035 -0021 -0011 -0004 0 

Z-V, -0.136 -0.162 -0.192 -0.236  -0.309 


Thus V = 6278 +(V, =V) cc/mol or 10? m/kmol à 
Vu =40.73+(V,-V,). 


Methyl formate - Ethanol 


Xs 0 0.1 02 0.3 04 0.5 

AV. (cefmol) 0 0.080 0.136 0.174 01% 0203 

И. 0.935 0.682 0507 0381 0285 0205 

ep. 0 0.013 0043 0085 0137 0201 
ve 0.6 07 0.8 0.9 1.0 

АУ (со/шо) 0196 — 0174 0134 0077 0 

V, v, 0138 0081 0037 0.010 0 


V, -V, 0.284 0.390 0.522 0.680 0.861 


> 
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Thus Vyr = 62.78 + -V,) cc/mol. Multiply by 107 for m'/kmol. 
Г: =5868+(V,-V,) 


го 
4 
19 
4 F 
Ы: 
4 57 
ә 
a ! 
X 


1 
р 
- in 
E 
\ <х 
~.4 AS 
EX 
ч 
TT X 
о ! 2 3 2 ST 6 7 ғ 9 ^e 
Хмғ 


This problem is similar to the last опе, and will be treated in a similar fashion. 
Fenby and Ruenkrairergasa give their data in the form 


AH s (J/mol) = x, (1- х„)у` C,(1-22;) (0 
j=l 


where component 2 is the fluorobenzene. The constants given in the 
aforementioned reference and Fenby and Scott J. Phys. Chem 71, 4103 (1967) are 
given below 


System C, C, C C, 
C,H, - CECI —2683 929 970 0 
C.H, - C,E;Br —3087 356 696 0 
СЕН - СЕ; -4322 -161 324 0 
C,H, -CF —1984 +1483 +1169 0 


C,H,- СЕН 230 +578 +409 +168 
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If we replace x, with 1— x, in Eqn. (1), we regain the equation of the previous 


illustration, except for a factor of (—1)/ 71 in the sum and the corresponding places 


in the other equations. 


XC «Hg AH mix (H = Hea (H = Hs Cl Хоњ 
0 0 —2642 0 1.0 
0.1 —252 -2171 —39.2 0.9 
0.2 —463 -1790 —130 0.8 
0.3 —609 —1466 —242 07 
04 —679 —1175 —349 0.6 
0.5 —671 -903 -439 0.5 
0.6 —590 —646 —506 04 
07 —453 —409 —555 03 
0.8 -284 -205 -601 0.2 
0.9 —119 -51.8 -666 0.1 
10 0 0 —184 0 


[Note: J/mol] 


C;H, - С. Вг C,H, - CEU 
Хесен; АН nix (Н -H) (H -H) AH mix (H -H) (H -H) Хех 
СН, СБВГ СН; CBI 

0 0 —2747 0 0 —3837 0 1.0 
0.1 —263 —2248 —42.9 —359 —3119 —52.1 0.9 
0.2 —488 —1829 -153 -657 -2489 -200 0.8 
0.3 —654 —1469 —306 —883 —1937 -431 0.7 
04 -751 -1149 -486 -1026 -1456 -740 0.6 
0.5 -772 —861 —683 -1081 —1040 -1121 0.5 
0.6 -717 -600 —893 -1042 -689 -1572 0.4 
0.7 —595 -370 -1120 -910 -402 -2095 0.3 
0.8 —420 —181 —1374 —688 —187 -2695 0.2 
0.9 -212 —50.0 -1671 —382 -48.9 -3379 0.1 


10 0 0 -2035 0 0 -4159 0 
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CH, -CF C,H,- C,EH 
Aue AH mix (H- H) (H -H) AH nix (H- H) (H -Н) хс: 
СН, Со С,Н, СЕН 

0 0 -2298 0 0 61.0 0 1.0 
01 -218 -1899 -312 -2.2 362 -1.1 0.9 
02 -392 -1590 -93.0 -2.9 -2.8 16.8 0.8 
0.3 —502 -1332 -146 13.5 —42.3 +37.4 0.7 
0.4 —536 —1097 —162 314 —72.3 +100 0.6 
0.5 -496 -867 -125 57.5 -87.0 +202 0.5 
0.6 —394 —637 -28.9 86.9 —84.5 344 0.4 
0.7 —253 —413 +121 110 —66.7 524. 0.3 
0.8 -108 -212 +308 116 -29.4 +737 0.2 
0.9 -4.5 -60.9 +503 85.9 —12.6 +973 0.1 
1.0 0 0 +688 0 0 1217 0 

T T T 


(a) 


(b) 


(c) 


Note: Changes in sign in column 


Gibbs Phase Rule: Е-С-М-Р-2 

Р-2,С-2, M =0= F =2-0-2+2=2 degrees of freedom 
Thus can fix two variables, usually from among T, P, x and y. 

P=1, C=3 and M=1> F =3-1-1+2=3 degrees of freedom 
Thus, we can fix 3 variables, for example, T, P and хн jh 





Formation reactions 
C+20 > CO, 


С+О—СО 

2H >H, 
C+4H 5 CH, 
2H+0 5 HO 


1 
Use O=CO-C and H= 5b to eliminate O and H from the set so that 


C+2(CO-C) > CO, 2CO 2 CO, «C 
С-4(/2Н,)- CH, = C+2H, > CH, 
2(/2Н,)%(СО-С)->Н,0 H,« COS H,0«C 


Thus we have found a set (there is no unique set) of three independent 
reactions among the six species. Consequently, C=6, M=3, P=2 (solid 
carbon + gas phase). 

Е-С-М-Р-2-6-3-2-2-3 degrees of freedom. As a check: 


= S S V V 
# of unknowns = 8(T 5 Р а Т , P 5 Хсо,» Хсо» Хн,» Xy, ) 





Note: Xg,o =1 Xco, — Xco Хн, Жн, 
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6.10 (а) 


(b) 


(с) 


6.11 (а) 


(b) 


6.12. (a) 


Relations among the unknowns 7' SZT, P = PV, по phase equilibrium 
relations, but 3 chemical equilibrium relations of the form Уус = 0. 


8 unknowns- 5 eqns.= 3 unspecified unknowns ог 


3 degrees of freedom 


In general, for a binary, two-phase mixture (C 22, М=0, Р=2) 
Е-С-М-Р-2-2-0-2-2--2 degrees of freedom. 
However, for an azeotrope there is the additional restriction x, — y,, which 


eliminates one degree of freedom. Thus, there is only 1 degree of freedom for a 
binary, azeotropic system. 


In osmotic equilibrium P! + РИ, since the membrane is capable of supporting 


a pressure difference, and С, = С! 


> Where 2 is the species which does not 


pass through the membrane. Therefore, the independent unknowns аге Т гэ 
Р Я x КЕЛЕ m РИ апа a. [Note, № апа ху are not independent unknowns 
since х) -1- x and ху -1- x ]. There are two equilibrium relations 
between these six unknowns: viz. T! = Т! and С! = G". Consequently, 
there are four degrees of freedom ... that is, as we shall see in Sec. 8.7, if T, p , 
Р! апа х are specified, ЭГ will be fixed. 

Case: M=0, С=2, РЕ? > F=2-0-24+2=2 

Case П: M=0, С=2, РЕЗ F=2-0-34+2=1 








Gibbs Phase Rule: Ғ-С-М-Р--2 

C=2, M=0=> F =2-0-P+2=4-P degrees of freedom. 

Therefore, a maximum of 4 phases can exist at equilibrium (for example a solid, 
two liquids and a vapor, or two solids, a liquid and a vapor, etc.) 








Gibbs Phase Rule: Ғ-С-М-Р--2 

C=2, M=1> Е =2-1- Р+2= 3— P degrees of freedom. 

Therefore, a maximum of e phases can exist at equilibrium (for example a two 
liquids and a vapor, or a solid, a liquid and a vapor, etc.) 








—  - Ni + Ni xn 
dt 1 

dU _— à 0 dV 
---) NH; +0- -Р-- 
dt 2 iH +O л dt 


E CY WEISSE. 
dt T 


те Ty NA -Т5а-0 
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6.14 


на Y NH rË- ТУ: ME 


a op w dS YN, (Я - T5,)- TS 
UL се ош 


d pat -TÉ -YNR- TS е =) тз, 


gen 


e ie dt ' dt 
General expression 
Now 


System is only permeable to species 1 
LN CET 
dt dt dt 5 


а 'dt 
When Тапа P constant 
d d 
—(U--PV-TS) - —l(N,—v,X <0 
zn ) pL 1 №1 | 


а 
le - Qn -viX)u]s 0 


=> G-(N,-v, X), = minimum at equilibrium 
(b) When Тапа V are constant 


<u - тм, -у,Х)щ] <0 


=> А-(М,-у,Х)щ = minimum at equilibrium 


(a) 2N №, 
20 0, 
2N-02 №0 N, +502 > №0 
2N +20 > 2NO № +0, > 2NO 
2N +40 > М,О, N,+20, > №0. 
2N +40 2 2МО, М,-20,-»2МО, 








2N +50 > М,О, N, +20, > М,О, 
— 5 independent reactions 
0) Е-С-М-Р-2-7-5-1-2-9-6-3 
Е = 3 degrees of freedom 
(c) 1 degree of freedom used іп О,: N, ratio => 2 degres of freedom 


Mass balance: М, + № = М; Molecular weight H,O =18.02 g/mol 
Energy balance: MU,+ м,0, = M,U, 
In each case the system is M, kg of solution 1 + M, kg of solution 2. 
Since О-0, W. = 0 (adiabatic mixing) 
For liquids Ü =Й. Thus we have 
Й, - MA, + М.В, 
М: + М, 
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when М, = M,; Н, = (й +A). 


(a) 


(b) 


6.15 (a) 


(b) 


Read from Figure 6.1-1 
A, =69х10° J/kg 
Hy =-61x10° J/kg 


1 4 4 
Thus H, = 56410 x10*) 2 2705 x10* J/kg 
To find the composition, so a sulfuric acid balance 
1 
pMi*pM;-p,M,y— р; => (+ p») sine M, = М, 


where р, = weight percent of ith flow stream. 


1 
Thus p, = 5 40-90) =50 wt % sulfuric acid. From Figure 6.1-1 


50 wt % H,SO, 


ми > T, - 110°C 
Ê= 0 =2705 х10* Jkg ' ^ 


Here A, =69х10 J/kg, 

Н, =-3186 X10° J/kg > Hy = = (69- 318.6)x10° =-156x10° J/kg апа 
p, =10 wt % , p, = 60 wt 96 р, = 35 wt % . Using 

Figure 6.1-1, Т, ~ 22 C. 

Notice that there is a balance between the energy released in mixing, АЙ у , 
and the energy absorbed in heating the mixture, СЬАТ. In case (а), ABL... is 
very large, and T, > Т, ог Г, while in case (b) АЙ у is smaller, so that 
7-1. 


MW Н,0 = 1802 g/mol; MW H,SO, = 9808 g/mol 


100 g HO = 555 mol 
100 g H SO, = 102 mol 


Note: When these are mixed, a solution containing 
5.44 mol Н,О /mol acid is formed. АН, for such а solution is —58,390 J/mol 


acid. Thus, 


total heat released = 1.02 mol acid x (—58,390 J/mol acid) = —59,558 J 


(Negative sign means that heat is released!) 
Adding another 100 grams of water produces a solution which contains 10.88 
mol H,O /mol acid. From the graph AH, = —64,850 J/mol acid. However, - 


58,390 J/mol of acid were released in preparing the first solution, so that only — 
6,460 J/mol acid, or 6,590 J, are released on this further dilution. 
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40/1802 
(c) 60 wt % Н,5О,-» шин. 3629 moles H ,O/moles acid for which 
60/98.08 
AH, = —52,300 J/mol acid , and 
| acid 
АН 85:300] í6lagd 161 2 ood 
1 98.08 
Мое: Enthalpy of 60 WT% solution 18-31,990 J relative to pure components 
at the same temperature. Similarly 
25 wt % Н SO, = 1627 mol H ,O/mol acid , AH, - —68830 J/mol acid 


and 


025x75 | 


АН, = 68,830 J/mol acid х = -13,160 J 


Final solution =175 grams ; 78.75 grams acid =0803 mol, 
96.25 grams water = 5.347 mol = 6.66 mol H,O /mol acid . So that 
AH. =-60,670 J/mol acid 


AH, = —48,720 J 
Thus, enthalpy change on mixing, AH pix is 
АН мых = 749.720 — (—3 1,990 – 13160) = -3570 J 





Thus, 3570 J =357 kJ must be removed to keep solution isothermal! 


(d) For 1 mole of solute: (1+ N,)H 


mix 


N. 
=H, +№Н, + rauf) (argument of 
1 


AH, ) and for М, moles of solute and N, moles of solvent. 


(УН 


—mix 


М 
= N\H,+ NoH,+ wan) = H rix 
1 
Now 


H = Ə Haix = Н +АН N, +N ҖАН.) “9(М,/М) 
бах, T,P шингэн "AN,/N, rp ON, [тр 


H,-H,-AH шд 
Е: =, N, N (NN) 


i ЭМ, № 








Similarly, starting from H, = | s) we obtain 
ON, ть 
2-1, (= Е 
9(У,/М) Т,Р 
50/1802 


(e) 50 wt % acid > = 5443 mol H,O/mol acid 


50/98.08 
AH (5.443) = —58,370 J/mol and, from the accompanying graph 


дАН,(М,/М)) ЖА та Иа ты АЛЕ aO Isl 
9(М,/М) 20 


at N5/N, =5.443 


so that H, — H, = —2280 J/mol and 
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H, — H, = (-58,370) –544(—2,280) = 45,967 J/mol. 


100 












òá Ps 





kT о Е 
mol Acid Мете: Value o aC №) 


о564 above was tfval«ated) 
from а langer фгери. 






о 2 4 6 g го /2 1 7 ig го 
ута! were. | mol acid 


6.16 To get partial molar properties it is easiest to first convert all data in problem to 
mole fractions and properties per mole. 


хас wt % ССІ, /153.84 
(wt % CC14/153.84) + [(100 — wt 96 CC14)/781 1] 
where МУса, = 153.84; МУ, н, = 7811. 
Cp(mole mixture) = Cp(grams mixture) x (MW of mixture) 


= Cp x [xca, 153847 (I= xc, )x 781 1] 


also, compute 3 xs , where Cp; = heat capacity of pure species 7 and 


AG mix = Cp(mixture) — у хСь; . Results are given below: 


Wt % CCI, Хосі, C, шок Ух0,; AC» mix (J/mol К) 


0 0 137.90 137.90 0 

10 0.0534 133.91 137.17 —3.26 

20 0.1126 129.55 136.35 -6.80 

30 0.1787 124.45 135.44 -10.99 
40 0.2529 118.85 134.42 -15.67 
50 0.3368 113.98 133.72 —19.74 
60 0.4323 111.29 131.96 —20.67 
70 0.5423 110.48 13044 —19.96 
80 0.6701 110.59 128.69 —18.10 
90 0.8205 114.44 126.62 —12.18 


100 1 124.15 124.15 0 
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Using these data, and the graphical procedure introduced in Sec. 6.6, we obtain 
the following results. 














хса, 0 0.1 02 03 04 0.5 
(Cp 2:79 71 607 -580 -445 -275  -175 
Cp сс, 53.15 635 662 797 967 1067 
(Go ha 9 0.5 13 67  -160 -240 
бол 1379 1374 1366 1312 1219 1139 
Xca, 0.6 07 08 0.9 10 

(С, -С) а, 718 -87 4.1 12 0 

РИ 1124 11545 1201 123.0 124.15 
(Go-Go, -308 -367 -498 -675 -805 

Сен 1071 1012 881 704 574 


АС 


PU, 





жә! К 


“5 «ғерй for 
ILLUSTRATION only. PATA m Table 


gotten from А Мисн болда” pior 
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An alternate solution to this problem follows. 


Alternate Solution to Problem 6.16 
Instead of using Equations (6.6-10a and b) апа AC, mix data, Equations (6.6- 


11a and b) and the heat capacity data for the mixture can be used. Since 
Equations (6.6-11a and b) are very similar to Equations (6.6-10a and b) [of 
which Equations (6.6-4a and b) and (6.6-9a and b) are special cases], it follows 
that the graphical construction discussed in Sec. 6.6 can be used. The 
difference, however, is that the tangents to the Cp mix vs. mole fraction curve 


will give Са апа Са directly, rather than (С. = recy and 
(C, =C Усун; as before. Ап illustrative graph, and the numerical results 
obtained using a much larger graph are given below: 

Хссі, 0 0.1 0.2 0.3 04 0.5 

C сей 3.0 63.0 63.0 82.0 97.0 106.2 

Съда, 1379 1379 1379 1307 1229 1147 

Хссі, 0.6 0.7 0.8 0.9 1.0 

Cp сс 1130 1170 1203 1232 12415 

С> сен, 105.7 976 87.3 70.8 55.9 
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‘го 





Note that these results differ from previous results by small amounts. Previous results are 
probably more accurate since the curvature of AC, mix vs. Хссү, is greater than that of 


Съ mix УЗ. Хссц $0 tangents are found with greater accuracy. 


6.17 Let 


(a) 


(b) 


x = lbs. of 20 WT% - used to тже 1 Ib. 


y = lbs. of pure aid of 60 WT% solution 


Total mass balance: х+у=1 

Species mass balance on acid: 0.2х+ у= (0.6)(1) 

=> 0.2х + (1-х) = 06 or x = 05 kg 20 WT% solution, у= 05 kg pure acid. 
From Figure 6.1-1 


Н(20 wt%, 5°C) = 122x109 J/kg 
Н(100 wt%, 50°С) 2 710 x10^ J/kg 
Й(60 wt%, 70°C) = –159 x 10^ J/kg 
Й(60 wt%, boiling point) = H(60 wt%, 143°C) ~ 0 J/kg 
Using the change over a time interval form of the energy balance equation, 


considering the initial state to be two 0.5 165. of separated 20 WT% and pure 
acid solutions, and the final state to be 1 Ib. of mixed solution, and neglecting 


the difference between H and U for these liquids, yields 


Н(60 wt%, Т,)-05Н(20 wt%, 5° C) – 05Й(100 wt%, 50°C) = О 
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6.18 Suppose there was enough information available on AO 


at Т, =ТФС 


Q =[-159 x 10° -05x(-122x 10°)- 05x (7.1х10*] 
= —625x10* J/kg final solution 


at T, = boiling point = 143°C 
Q=[0-05(-122 x 10°) -05(71x10*)] = -255x10 J/kg final solution 


where Ө is any 


—mix? 
extensive thermodynamic property of a mixture, as a function of the three mole 
numbers N,, М,, and N,, that the data could be fitted to a polynomial expression 
in Хү, x, and x, or, equivalently, іп №, №, апа №, where х= Ум. The 
partial molar properties could then be obtained by differentiation of the polynomial 
expression for AO... That is since 


3 
Ө- № = у м, + AG (Ni №, N3) 


1-1 





| ON; Т,Р,Муд = ON; Т,Р,М р 
so that 
o Ә(ЛӨ _. 
Ө, -9, = ( mix) 
ƏN; Т,Р,М 


ж 


Alternately, graphical methods could be developed for finding 9 — Ө, along paths 


-4 


where N, is varied, and other mole numbers are fixed (1.е., х, is varied, while the 


1 
mole ratios of the other species in the mixture are fixed.) 
Since it is unlikely that enough information will be available for any mixing property 


to obtain ДӨ „ix, as an explicit function of mole fractions or species mole numbers 


for ternary, quaternary, etc. mixtures, it is not surprising that there is little 
information on partial molar properties in such systems. 
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6.19 (a) The Gibbs-Duhem equation is (Equation 6.2-19b) 





























х eH, +x = 0 
1 2 = 
OX [r.p OX |y p 
Now CH = 2xjb Ci 25,х, , and £N = +2b,x, so that 
Ox, Т.Р Ox, м TP 
OH, OH. 
х х--Ң  22(b,-b)xx, = 0 forall x, b =b, =b 
Ox |p р Ox, ir p 








(b) lim 0,20,—a,-H, and a,=H, where H, and H, are the pure 
к UM jd "REIR, 21 23 P 


component molar enthalpies. Thus 
H, =H, +Ьх;; Н,» =Н, +bx; 
and 


AH nix = х(Н, -Hj) m (Н, -Н,) = хрх + xb, 
АН nix = Оң + х bx = Бхр 
6.20 Мое: Sorry about 1 set of data being given in alcohol wt% and other in water 


mole 96, but this is the way the data appeared in the International Critical Tables. 
(a) First will convert the data to mole fractions. 











eU A = kg A x100 E kg А/МУ/, 
kg A + Ко W kg A/MW, +kg W/MWw 
wt% A 
— XA 


T Wt% А + (100 wt% A)MW, /MWy, 


Also, V... = MW/ Pmix Where Pmix = mixture density and MW is the mole 
fraction averaged molecular weight of mixture (i.e., MW = У x MW; ) 

Also, V, = MW,/p(100 wt% alcohol) and 

Г =MWy/(0% alcohol). 
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wt% Xa MW V aix ЖАР, AV nix (cc/mol) 
alcohol . -3 
[multiply by 107° for 
m? /kmol | 

0 0 18 18.083-18.033 0 

5 0.0202 18.566 18.765-18.846 -0.081 

10 0.0417 19.168 19.521-19.711 -0.190 

15 0.0464 19.809 20.315-20.633 -0.318 
20 0.0891 20.495 . 21.159-21.690 -0.531 
25 0.1151 21.231 22.077-22.678 -0.601 

30 0.1436 22.021 23.088-23.813 -0.725 

35 0.1740 22.872 24.091-25.036 -0.945 
40 0.2069 22.793 25.442-26.360 -0.918 
45 0.2425 24.790 26.809-27.793 -0.984 

50 0.2813 25.876 28.317-29.355 -1.038 

55 0.3235 27.058 29.978-31.053 -1.075 

60 0.3699 28.357 31.823-32.920 -1.097 

65 0.4209 29.785 33.865-34.973 -1.108 

70 0.4773 31.364 36.147-37.243 -1.096 
75 0.5440 33.120 38.710-39.766 -1.056 

80 0.6102 35.038 41.600-42.592 -0.992 

85 0.6892 37.298 44.883-45.771 -0.888 
90 0.7788 39.806 48.663-49.377 -0.714 
95 0.8814 42.679 53.070-53.507 -0.437 
100 1.0 46. 58.280-52.280 0 


Тһе AV. data are plotted, and the graphical procedure of Sec. 6.6 used to 
find (V, -V A) and Vw- Vy). Results are given in the following table. 


=È 


- 





Next note that 
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= х x (— 
рег mole ethanol of ethanol Since heat is 
evolved, АН 


mix 


is negative. 


- ipd Heat evolved ^ Mole fraction 


mixture 


Once АН, 
(Hy — Ну). Table below gives (V, -V,), Vy—-Vw), (Н,-Н,) and 


(Hy — Hy) as a function of the water mole fraction. 


is computed, graphical procedure is used to get (H, —H,) and 


Ху Vw E Vw V. т V. AH mix Hy ар Hy Ay or Н 


А 
сс/то1 kJ/mol 

0 —4.5 0 0. -0.85 0 
0.05 -0.0400 -0.099 +0.015 
0.1 -5.0 -0.05 -0.0828 -1.15 +0.039 
0.15 —0.142 

0.2 -3.43 -0.42 -0.201 -1.13 +0.038 
0.25 —0.251 

0.3 —2.5 —0.78 —0.296 —0.85 —0.055 
0.35 —0.337 

0.4 —1.22 —1.04 —0.382 —0.88 —0.03 
0.45 —0.416 

0.5 —0.82 —1.37 —0.473 —1.02 +0.087 
0.55 —0.541 

0.6 —0.58 —1.67 —0.603 -1.13 +0.183 
0.65 —0.674 

0.7 —0.42 —2.0 —0.743 —1.175 +0.388 
0.75 —0.805 

0.8 —0.17 —2.86 —0.854 —1.02 —0.26 
0.85 —0.873 —0.79 —1.36 
0.9 —0.025 —3.50 —0.780 —0.30 —5.0 
0.95 —0.491 

1.0 0 —3.88 0. 0. ? 

Т Т 
о 


=È 


Ё 


= tV Y Va = УА 
Е Фла 2 


"і 
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6.21 


We want to evaluate ну (T VP. y)- HG. ,P,x), where x, and уд denote the 


liquid and vapor alcohol mole fractions, respectively, and the superscripts V and L 
designate the vapor and liquid phases. To an excellent approximation, at the 


temperatures here, Hy (T ҮР: у) = Н\(Т,Р). To proceed further we use 
Н.(Т,Р)- HE, Px) = НАСТ, P) - НАСТ, Р)+[НАСТ,Р)- НАСТ, Р, х) 


where 
HX(T, P)- H.(T, P) = AH"? 





pure = 44,770 J/mol (See Problem 5.132) 


ethanol 


and H,(T, Р, х) eH, P) was computed in Problem 6.20. Thus, 


АН? | mole = 44,770 J/mol - [E (T, P,x, = 0:75) - HA. P)] 


% А 


= 44,770 — (~ 0) = 44,770 J/mol 
АНУ [so mole = 44,770 — (87) = 44,683 J/mol 
% А 





АНУ” bs mole = 44,770 — (~ 0) = 44,770 J/mol 
96A 


To evaluate АН,” 





| = 1, 
0 mole, Care must be taken since (Ax -H А) becomes very 
96 A 


large (and negative) in this limit. To avoid serious errors, we will fit the low 
alcohol (high water) mole fraction data with a polynomial in mole fraction, and 
evaluate (Н,-Н,) analytically. I used 


АН nix = XaXw(At B(x, —xXw)) See Eqn. (6.6-5а) 





Then 





А А 


— AH 
H (2 ——mix 


a " A 
ON, m xy Ау + B(3xy 4xy)] 


and lim(H, -H,)- А-В. Fitting AH data at xy = 085, 0.9 and 0.95, I 
Хүү! 
X40 


find that А = 45368 kJ/mol and +17.45 kJ/mol. Thus 
Н,-НАГ, _,, =+5368 -1745 = -12.08 kJ/mol 


Thus 


АН? 





хүс 44.77 — (-12.08) = 5685 kJ/mol 


XA 
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Clearly at moderate and high ethanol concentrations, an ethanol molecule must 
interact with the water-ethanol mixture to almost the same extent as an ethanol 
molecule interacts with pure ethanol. Thus its heat of vaporization from solution 
is about the same as from pure ethanol. However, at very low alcohol 
concentrations there is a dramatic change. Presumably, water (now almost pure) 
forms a more ordered structure (probably as a result of hydrogen-bonding). Thus, 
it seems reasonable that at very low ethanol concentrations, each ethanol molecule 
is more involved in hydrogen bonding (with water molecules) than it is in pure 
ethanol (with ethanol molecules). 

Consequently, the heat of vaporization of ethanol from dilute alcohol solutions is 
greater (that 15, more energy 18 needed) than for the pure substance. 


6.22 V(T,P,x) = xb + yb, ^ xo Уа(х- хә) 
i-0 


(а) limV(T, P.x) - VT, P) b; limV(T, P) =У„(Т,Р)=Ь, 
xp 22 


(5) P= эу © )r. p.N, 








Z С И (юха) уз, (Nx, — №) | 
1 


54. м 
д 


n (М-М,) 
= МУ + NV, ММ. КОЛЕ М; = №, 
эн 171 272 1 22m EM 1 } 


N, ai(N,— №) 
penp aM, NN, SAM Na 
(М, + №) izo (Np М) 


‚у (М-М) 
-N N, > a(i + 1) ———— — 
' X (М, + №,)? 





п 
| ) T 
=Ё, +х a,(x, =x) xx». aj(x, =x) 


i=0 
-хх}ў, а,@ + D(x -x) 
=}, + X_ У a;(x -x) Di — х +ix (0+ Dx x — x;)] 


i-0 


ЙЕИ, + x; ? ajos - ә) DG * Da -1] 
i-0 
Similarly, by taking derivative with respect to N, , we obtain 


Р, = V, -x У а(х у=" [2G + Dx, - 1] 
Therefore 


p = V, -V, = уа -x [2G + Dx, PT 1] 
1-0 


апа 
Р = У, = –х У а(х – xj) DG Dx, - 1] 
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6.23 


6.24 


© FAT, P,a > 0) =F" = Ya CD) CD = Ya Cty 
i-0 і-0 


= Ay — A, + Ay -аз +... 


РТ, Р,х, 20) - V * --Y'a( CD- Ya, 
i-0 i-0 


These derivations are the same as in Sec. 5.1. For example, starting with the 
closed system equations 





са, gU cy р” апа 4 26. 
а а dí are 


with Sn 20, U = У NU; and 5 = У №,5,. We have first N (or M) = constant. 


gen — 


Now for a constant volume, adiabatic system with no shaft work we have 


dU 
po = 0 = constant ; also V = constant 
1 


апа 


45; ; 
p»: = бое Z 0 = 5 can only increase at constant N, V and U 


= 5 = maximum at equilibrium at constant N, V, U. 


Similarly with W, = 0 for an isothermal system (constant N, T, and V) at constant 


volume we have 








dU = 45 Q . he Б 
— = а= =H § «ТЕЗ -TS 
dt О an a тн 9 T MS © 
$0 
= т = TS on 
dt dt 1 а а 5 


=> А = minimum at equilibrium at constant N, T, and V. 
Similarly, one can show that С = minimum at constant N, T, and P. 
M = М(х,х,...,ху) 


y, - ANM) 
dN; 


1 





М 
Т,Р,М ы ON; Jp py " 


but 
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CUNEO Mo 
e LBNa J ex; Т.Р,М,д ON; Т.Р,Муд 














Now 
Nhi. WE Was 
"rc а А Е E Re 
мам Тамм МДЕ sad 
i i Wwe M : ifj =i 
Therefore 





ON; ьм, E тэлээ 
Я (2и) EJ x, 
N 9х, TP, je Ox; T. Pax) N 


=) ca 
Ox; IP Ox; Т,Р,хү) 


je j 








6.25 (Зее Section 8.4) 
Since the stable equilibrium state of the mixture for some range of compositions is 
as two liquid phases, rather than a single homogeneous phase, the Gibbs free 
energy of the homogeneous mixture must be greater than a linear combination of 
the Gibbs free energies of mixtures of compositions on either side of the actual 
mixture composition. That 1s, the Gibbs free energy of the mixture must be as 
indicated in Figure 1 below. 


Now, the Gibbs free energy of the mixture is 
G = МС + М6) + NG! + МС)! 


with the restrictions that 





NI + N! = constant = № 
and № + МЇ! = constant = №. Thus, we have that 
G = Ма + №6, «(Nt - №) + (N3 - №) 


At equilibrium 





(2% -02Gl-G 
ON, T,P,N] 


(where, іп evaluating each of these derivations, we have used the Gibbs-Duhem 
equation) and 





(26 =0> G} =G! 
ON, Т,Р,М| 
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However, Сү -(20/2М,) is a tangent to the С versus М) curve. Thus, the 
equilibrium requirement that б) = G! requires that the compositions of the two 
equilibrium phases are at the intersections of each lobe of the G versus N, curve 
with the single tangent line to both curves. See Fig. 1. [Note: See Problem 5.28] 


The limit of stability of a single phase is found from the condition that d?G = 0. 
Here that implies 





2 
2 = | -0 Now, G=N,G,+N,G, 
Т,Р,М, 


ON; 
ON, Т.Р,М, ON, Т.Р,М, ОМ, Т,Р,М, 


Since the last two terms sum to zero by the Gibbs-Duhem equation. Thus 


(ore), “Lom 
ON; Т.Р, № ON Т,Р,М, 


Thus, the limits of stability of a single phase are the inflection points on the G vs 
М, (or С vs хү) curve and the local maximum and minimum on the G, vs. М, 














(or G, vs. x,) curves. (See Figure 2.) The region between each coexisting phase 


composition and the adjacent inflection point represents a metastable region. This 
18 illustrated in Figure 2. 


Figure 4. 


т 


Lrquad Г 
ph м | "uid ene 

= Phases | шатын 
phase 








peers af tanpay 





xpos ties сі Соёх:ьыти 
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6.26 (a) Н-х,Н,%(1-хы)Ныд 
зха(1-х,)1418-4824(1-2х,)-1874(1-2х,)!| 
but AH nix = H -xgH - (17 xg)Hg. 








АН nix = x, (1 x5)|1418 4824(1— 2x5) - 187.4(1 2x5) | 
From Equation (6.6-9b) 











АН у — 
AH s — Хв Ал) = Hg — Hy, ; also 
B 
АН у 2. 
АН у +(1— „ы Н) _ Н,-Н, 
Н Dx, Н 
Now 
АН. ; 
ДАН) _ (1-2x5)[1418  4824(1-2x5) -1874(1-2x5)] 
дхв 
+2хв(1- х)824-5622(1-2х,) | 
Therefore, 
(Нед — Hg.) = x;|[1418-4824(1- 2x5) -1874(1- 225) 
2x; - x5) 4824 -5622(1- 2x) ] 
and 
(Hp - H5) = (1-xp) [1418—4824(1-2x5) -1874(1-2x5)] 
+2хв(1- х)0824-562.2(1-2х,) | 
(b) At xg — 05 
= py 1Yf1 
(Hea - Hea) ==) 4181-2 7] [5 (4824) = 2339 J/mol 
- гү түгү 
(H, -H,)= 5) 1418]-2 | 5) 4824) = 4751 J/mol 
(c) Mixing process 


System = | mole of each initial mixture (2 moles total) 
Difference form of mass balance: N, = № ;+ №, ; =1+1=2 mol 


Balance on benzene (species balance): 


Xp № = XgyNy + Xp; М, = 0254-075 
0.25 0.75 А 
XB f = => = 05 (obviously!) 
Energy balance: N,U, 25 Мый), + МАЛ, +0 
For liquid solutions, U = H . Consequently, 
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3e 


Q-2H,-H, ,-H, , -2H(xs = 05)- H(xs =025)— Н(х» = 075) 


but 


AH 


> H,, 


Q = ДАН nix 
[AF nix 


-ГАН 


==пих 


=2АН 


— mix 


mix 


= H o -—[хвН» +(1 -Хв)НьА| 


ix T 
polyn 


AH 


— mix 
omial given 


in problem statement 


+ Xp HB —хв) Hey 
4 L 


pure component 
enthalpies 


(xp =05)+05H, - 05H. ] 


(xg = 0.25) - 
(хь =075)4 





-025H , +0759, ] 
-075H , -025H.., ] 
(xg = 05) - AH, (xg = 025)-А 


—2x3545-225-306.7 = 1773] 


mole fraction 


kJ 


H 


= тіх 





k 
627 Q ERN NEN x - | - | 
mol п - ргорапо! } ofn- propanol mol of solution 
Thus, we obtain the following 


Mole % H,O 


Q kJ/mol propanol 
АН nix kJ/mol solution 


Mole % H,O 


О kJ/mol propanol 
АН nix KJ/mol solution 


Mole % H,O 


Q 
AH rix 


Mole % H,O 


Q 
AH ix 


АН mix is plotted below, 


graphical procedure of Sec 


(xg = 0.75) 











0 5 10 15 20 
0 +0.042 0.084 0.121 0.159 
0 0.040 0.076 0.103 0.127 
25 30 35 40 45 
0.197 0.230 0.243 0.243 0.209 
0.148 0.161 0.158 0.146 0.115 
50 55 60 65 70 75 
0.167 0.084 —0.038 -0201 -0.431 -0.778 
0.084 0.038 -0.015 -0.070 -0.129 -0.195 
80 85 90 95 100 
1.335 -2.264 -4.110 -7.985 0 
0.267 -0.340 —0.411 -0.399 0 





and H,- H, and Н,-Н, are evaluated using the 


. 6.6. 
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АН, 


MET aso! so roam 





Dashed lines are sample tangent lines. [Note: Results in table and figure below gotten 
using a much bigger graph.] 
Хн,о H-H 


Hao- H 


op Чи,о 
kJ/mol 
0.1 0.015 0.642 
0.2 0.042 0.470 
0.3 0.118 0.260 
0.4 0.335 —0.130 
0.5 0.510 —0.340 
0.6 0.610 —0.425 
0.7 0.732 -0.500 
0.8 0.843 -0.540 
0.9 0.940 -0.565 
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6.28 (a) АН у = хх, [А+ B(x -x,)] = x(1- xj) [A + B(2x, - 1)] 
= (x, -x7 [4+ В(2ж -1)] 








(222 


он | = (x — x,)[4 + B(x, 7 х„)]+2Вхх 


АН 
AH uix B 4/4 =mi | 


E хх [А+ B(x, — x;)] 
X 





х(% = х)А-х(х — x)(x% = 5)В 2 Bx х, 
=х [А+ B(4x, – 3)]= H, - H, 





Е 1 1 
at x, =05, Н,-Н,-114480-31-114-8| 


АН АН. 
АН uix F “( 2 = \- AH mix = № Ed 
м X 


= xpo [4 B(x, — x;)] 
үх (х› — х [А+ B(x, — x;)] + 2Bx x5 


=х[А+ B(3-4x,)]- A, - H, 
1 ГЕНШЕ 

at ху=05, m -m =i а+ң(3-41)]= {4+8 
4 2J] 4 


at 300 K, A = -12,974 + 51.505 x 300 = 2477.5 
B = 8782.8 — 34.129 x 300 = -1455.9 


> H,- H, = 24775414559] = 9834 J/mol 
2 2 4 


1 
H,- H, =—[24775-14559] = 2554 J/mol 
1 4 


2 (т OA OB 
b H,- H,); => =51505 ; — = -34.129 
O Gi-Gi =z EE) т ЭТ 


OA OB 
OT ОТ 








x p 1 
= 2 - Gals = 52 b н)-Ң 


= 21409 J/mol К 


1 
| = 761505 + 34129) 


> 1 
бо Сайг 1 61505-34129) =4344 J/mol K 


(c) Overall mass balance: 0- №, + №, + №, 
n-octanol mass balance: 0 = x, N, + №, + x4N3 


Also (problem information): N, - 2М, 
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Basis of calculation: №, =1= №, 2-3; М =2 


тээ. бамыз — 04333 





Energy balance: 0- ND, t М.(Н), + М,(Н), -0 





АН,,-Н-хН-х.Н, 





(Н), -АН,.-ХН,-хН, 





> -Ò = N (AH mix), + №, (А 
=2(АН 


тїх + WAH nix) = 3(A Н)» 


-(N, + №, (АН. 


Н к)» mix)3 


АН, = xix, [24775 -14559(x, — х»)] 

J -02х08(24775-14559(02-08)|-53617 J/mol 

= 0.9 x 0.1[2477.5— 1455.9(0.9 — 01)] = 118.15 J/mol 

= 0433 x 0.567[2477.5 — 1455.9(0.433 — 0.567)] 65579 J/mol 


(AH = пих 


(АН 


шы) 


(АН 


шаа” 


-0-2х53617-1х11815-3х65579--77689 


= 0 = 77689 1/3 mol solution 
— Heat must be added 


О = 25896 J/mol solution 
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6.29 The mass balance of the acetic acid-pyridine streams at steady-state is 
: А | . ; : : kmol 
0-2 Np +N; + Мах — - Na, = №+ МА => М = 2—— 
min 
The energy balance is 
O-N,H,- N.H, NH, +2 
= МН, + М,Н, + №, (Н+ х Н, +A.) +O 
x: (H, -H,)+ Г. (H,—-H)- 2- AB ar 5x = 05) +0 
50 
Ò= 2. AH „(хь =05) 
Now from the table 
АН „(хь = 0.4786) = 4833] / шо! and 
AH „(хь = 05029) = —4765 J / mol 
By interpolation 
AH (xp =05) = —4773 J / mol 
. 2К Ї 1 1К7 1000 mol 
бев ca mm uc амалы 
min mol 1000J Кшо! 
- 9546-1. 
тіп 
Negative sign means that heat must be removed (or cooling supplied) to keep 
the process at a constant temperature. Since ethylene glycol has a value of Cp = 
2.8 kJ/kg K. From an energy balance we have that 
28— x20 Kx M = 9546-5]. 
kg. К min 
Therefore 
. 2240 Ч kg ethylene glycol 
Mz = ПЕТЕ -1705-58-4--5422- 
28 х20 К ип 
kg. К 
6.30 (also available as an Mathcad worksheet) 
Problem 6.30 
х, iO. H50 x, :=0.0371 — H,:--1006 x, ‘= 0.0716 H, :=- 1851 
x, '=0.1032 H, :=-2516 x, '=0.1340 Н, :=-3035 X, '=0.1625 
X, '=0.1896 H, :=-3765 x, '=0.2190 Н. :=-4043 X, = 0.2494 
х, ‘= 0.2760 H, :=-4440 х0: 03006 Hj, :z-4571 х | 770.3234 
X) ‘= 0.3461 H, :--4760 Xj, = 03671. Н,:=-4819 х 4 1703874 


= 0.3991 Н,. :=- 4832 Хүс := 0.4076 Hi :=- 4880 Xj = 0.4235 


Хү = 0.4500 His 32-4855 Хү := 0.4786 Hio :=- 4833 Xo = 0.5029 


H, :=-3427 
H, :=-4271 
Н||:=-4676 
Hu 12-4863 
На :=- 4857 
Н, :=-4765 
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Xi := 0.5307 Н, :=- 4669 E 0.5621 Н,, :=- 4496 X7 0.5968 Hj 12-4253 
ху, := 0.6372 Н,, :=- 3920 Xs := 0.6747 Н,, :=- 3547 X := 0.7138 н и--3160 
хы 0.7578 H,, :=- 2702 Е 0.8083 Н, и--2152 X7 0.8654 Н, :=- 1524 
ху :- 0.9277 Н, :=- 806 E 1.0 Hii 0 
1:=0, 1.. 31 
0 
-2000 
Н. 
1 
-4000 
- 6000 
0.5 1 


One-constant Margules fit 


f(x) :=х(1- x) S :=linfit(x, H, f) S = -1961-10* 


Two-constant Margules fit 


х(1-х 4 
f(x) := а SS = linfit( x, H, f) -1.893*10 
x(1- x). (2-x- 1) $5 = à 
8.068* 10 
Three-constant Margules fit 
Ho -188°10° 


f(x) :=| х(1- x): (2x- 1) SS := linfit( x, H, f) _ 3 
: SS = | 7983-10 
х.(1-х).(2-х- 1) 3 

-1.143%10 


HH(x) .=[- 1.88-10 -(х(1-:х)) + 7983-10) (x(1— х)-(2-х— 5] = 1.143-10°[ (1 — х)-(2-х— 1] 


dHH( x) = нң x) 
dx 


АН1(х) :=ННО + (1- x)-dHH(x)  AHX(x) -НН(х)- x dHH(x) 
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7500 


“1000 


71500 


-2000 


-3000 


73500 


“4000 


74500 





3 
0 0.2 0.4 0.6 0.8 1 
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-2000 
-4000 
-6000 
-8000 

-1910 


т 12+10* 


-16+10* 
-18+10* 
-2+10 
-2340* 
-2440 
-2540* 


4 
-2.1926 10°. -3 ggf 
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-2.45-10° 
-2.16-10° 
-1.917-10 
-17-10 
4 
-1.516-10 
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6.31 


Starting by writing the equation for the formation of each of the six compounds 


present from their elements 


C+4H=CH, (1) 
2020, Q) 
C+20=CO, (3) 
С-0-СО (4) 
2H = Hp (5) 
2H«4 0 -H)O (6) 


Now using eqn. (2) to eliminate the oxygen atom, and eqn. (5) to eliminate the 
hydrogen atom. We obtain 

C + 2H, = CH, 

C + Q = СО 

C + 1/20, = CO 

Н, + 1/20, = H2O 


Thus from the Denbigh method, we find there are four independent reactions. 
One such set is listed above. 


6.32 (a) N,(g)+H,(g)=2NH,(g) AH, = 2X (C461) = -922 kJ/mol 


6.33 


AG,» = 2x (C165) = -330 kJ/mol 
(b) CjH,(g) = C,H,(g) + CH,(g) 
АН =525- 745- (1047) = 82.7 kJ/mol 
AG,.,, = 685—505 —(-243) = 423 kJ/mol 
(c) CaCO,(s) = CaO(s) +CO,(g) 
АН, = —635.1— 3935- (-1206.9) = 178.3 kJ/mol 


rrxn 


Аб, = —604 0 — 3944 — (-11288) = 1304 kJ/mol 








rxn 


(d) 4CO(g)- 8H, (2) = 3CH,(g)+CO,(g)+ 2Н,0(2) 
АН -3х(-745)-(-3935)-2х(-2418)-4х(-1105) = -658.6 kJ/mol 
Аб, = 3x (-505) + (-394 4) +2 x (-228.6) - 4 x (-137 2) = 4543 kJ/mol 


Buckmasterfullerene C6o(BF) + 60 О» = 60 CO, for which 
АНомь = 26,033 kJ/mol= 26,033 kJ/60 mols C 


Graphite 60C + 60 О, = 60CO, for which AH, = 60х393.513-- 23,611 kJ/60 
mols C 


For these reactions sice only carbon, carbon dioxide and oxygen are involved, 
АН; = -AHcom 


Subtracting the first chemical reaction above from the second yields 
60C > Ceo(BF) => -26033 - (-23611) = -2422 kJ/mol Сво(ВЕ) 
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6.34 (also available as an Mathcad worksheet) 





Problem 6.34 Partial molar enthalpies File: 6-34.MCD 
х, :=0 H, 0 х, :2 0.0120 H, :=- 68.8 х, :2 0.0183 H, :=- 101.3 
х, := 0.0340 Н, :=- 179.1 х, := 0.0482 H, :2-2444 X, := 0.0736 Н, :=- 344.6 
х, := 0.1075 Н; :=-451.1 х, := 0.1709 H, :=- 565.3 х, := 0.1919 Н, :=- 581.0 
х, := 0.2301 H, :=- 585.0 Xio := 0.2636 Ho :=- 566.1 Xi :=0.2681 н, :=- 561.9 
Xp 7 0.2721 Hie 557.8 X3 = 0.3073 Ha '=- 519.6 Xu = 0.3221 Hy '=- 508.0 
Es := 0.3486 Hj '=-468.5 х 6 :=0.3720 H6 :=- 424.4 Хү := 0.3983 H,, !=- 369.1 
Xig := 0.4604 He 197.1 Хү 04854 Hj 135.4 ху = 0.5137 н 1=- 66.1 
ху := 0.5391 Hi == ху, := 0.5858 Н,у 1174 ху» := 0.6172 Had 186.5 
Xa 12 0.6547 н = 266.9 Xs := 0.7041 Hs := 360.3 Xo 17 0.7519 Н = 436.6 
X470 77172 Hs 470.5 Xa 0.7995 Hg = 495.9 X4 0.8239 Hy :=510.0 
м := 0.8520 Ну (= 515.8 х,|!=08784 H4 := 505.3 ху, := 0.8963 Hz := 486.0 
хүү 0.9279 Н = 420.5 Xa 0.9532 m 3292 х= 0.9778 H}; = 184.7 
Xs := 0.9860 Ha 123.3 Xy := 0.9971 H,, 1= 25.1 Xg {= 1.0 H4, :=0.0 
1:50, 1.. 38 
1000 
500 
H, 0 
-500 
-1000 
0 0.5 1 


One-constant Margules fit 


f(x) :=х(1- x) SS := linfit(x H, f) SS = -528.45491 


HH(x) 5 SSox( 1-х) 


dHH(x) 4 gm x) 
dx 


РНІ(х) :=НН(х) + (1- x) dHH(x) РН2(х) := HH(x) - x dHH(x) 
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0 

600 
-100 

400 
-200 

200 


PHI (x) 


i PH (x) -300 








=== 


-400 
-200 
-500 | 
-400 
-600 
0 0.5 
-600 х 
0 0.5 1 i 
х, 
Two-constant Margules fit 
x(1- x) -337.24041 
f(x) ‘= SS ‘= linfit( x, Н, f) SS = 
х.(1-х).(2.х- 1) 5707.44046 


HH(x) :2x(1- x [SS+ SS (2х- D] dHH() =“ 
X 


РН1(х) :=НН(х) + (1- x)dHH(x) | PH2(3) :: HH(x) - x dHH(x) 


f(x) =| x(1- 3) 2x- 1) 


HH(x) : 


анн(ху:-4-нн(х) 
ах 
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600 


400 


200 


ыш 





E 
25 


-200 


-400 


-600 


-800 
0 


Three-constant Margules fit 


x(1- x) 


x(1- x)(2x- 1)” 


SS ‘= linfit( x, H, f) 


РНІ(х) :=HH(x) + (1— x)-dHH(x) 


6000 


4000 


2000 





PH2 [x 
-2000 
-4000 
-6000 
-8000 
0 0.5 1 
х. 
i 
-488.57112 
SS = | 567245617 
970.2807 


-|55,(х<(1- ху) +SS (х(1-х)(2х- 1))] -SS,x(1- x) (2 x- 1)? 


РН2(х) := НН(х) – x-dHH(x) 
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8000 
600 

6000 
400 

4000 
200 

PHI (x) 2000 

E нв) 
HH (x;) Me 0 


—— 


-200 -2000 
-4000 
-400 | 
-6000 
0 0.5 1 
-600 х 
0 05 1 


Four-constant Margules fit 
x(1- x) 
x(1- x).(2-x- 1) 


f(x): ТРИ. SS := linfit( x, Н, f) 
x(1- x) (2x- D? 


HH(x) :2x(1- » [S84 SS, (2x- D +SS, Qx- D^e 55,(2х- Чи 


са 
HE e PH1(x) :=НН(х) + (1— x)-dHH(x)  PHXx):2HH(x)- xdHH(x) 
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600 
400 


200 


me) ° 


~ 200 
-400 


-600 
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-6000 


-8000 
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~ 
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jig? 
к-| ОО 


© 
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сл |р 
|с 
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JE 
aje 
NID 


! 
o2 
Ф 
Өл 
т 
= 
© 
Ол 
Ол 


11114111 1.1 
л | сл | л | tA | nape 
лм ыы СС 
FF] OOP] ол | оол 
мл = 5 [Ал |е 
Ьь1-1| 51510: 
У |У [| | о 
ок | 11| 6|С 
о | о | о | оо | =| v 


D 
Ол 
Ол 
= 
на 
о 
(95) 
о 
o2 


1 

о 
= 
> | + 
е 
Ф 
5 
96 
© 


ы 
© 
№ 
T 
[vs] 
E 


- 90.55115 
- 25.5922 
95.51229 
176.23404 
269.19976 
380.26243 

466.63265 
500.06403 
520.4105 
530.95404 
525.02317 

498.49631 

467.10138 
380.96262 
279.46841 
148.70801 
97.36045 
21.20369 





- 161.16559 
[905515] 
[25592 | 
555125) | 
1762404) 
[260.19976 
[380.26245 
[46663265] 
[50096405] 
[5204105 | 
[53095401] 
[5250257 
(498963 | 
[26710138] 
[380.96262 
[27046841 
(148080 | 
97 36085 | 
212039 
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РН1 X 


NIN 


- 108.09291 
- 207.10545 
- 428.17388 
- 505.3063 
- 644.75104 
- 763.09798 
- 778.58558 
-792.26028 
- 908.52549 
.04467 


D 
59 
Ол 
Ол 


- 1169.4645 
- 1307.9120. 
- 1351.9519 
- 1391.4683 
- 1415.5385 
- 1422.8073 


- 670.81348 
- 367.73066 
-36.47376 
405.60256 
1033.96809 
1759.05242 
2335.16915 
3542.17012 
4706.43722 
6030.57744 
6517.96343 
7216.85219 
7407.10877 





|-670.81348. 
|-367:73066. 
|-3647376 | 
| 40560256 | 
| 1033.96809 | 
| 1759.05242 | 
|2335.16915) 
|3542.17012 
470643722 
| 6030.57744 | 
| 6517.96343 | 
721685219. 
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6.35 


Assume reactor operates in steady state. Then the mass balance is 
0-М,,- Мо УХ 

ог 

М; в = М, и УХ 


iin i,out 


and the energy balance is 


0- HZ, МН 22 Моң Н ou +2 


О= БУ i а, їп + Шы ou H ; out 


E Xe out =V; 20H, in М, ош, ош 


і 


-£ N, ou (E, out | BH + АН ТЕ )X 


Using a Mathcad worksheet, the heats of formation and heat capacities in the 
appendices of the textbook, we find that 59.93 kJ must be supplied per mole of N2 
entering reactor. See Mathcad worksheet for this problem. 


6.36 (also available as an Mathcad worksheet) 
6.36 
х25, = Н25, :=0 х50, 0 Н50, :=0 Nomenclature 

E E x m H25 - enthalpy at 25C 
x25,:20.027 Н25, :=- 223.16 x50, :=0.031  H50, :=- 7620 H50 = enthalpy at 50C 
x25, := 0.034 H25, ‘=~ 290.15 x50, := 0.043 H50, :=- 121.84 НН25 and HH50 are 

= "m = " correlated enthalpies. 
x25, :=0.054 H25, :=- 329.50 x50, :=0.082 Н50,:--97.55 АН125 = difference 
х25 Ч 0094 H25 Л :=- 384.25 х50 7 0098 Н50 3 :=- 52.75 between partial molar 
x25, :=0.153 H25, :=-275.07 x50, :=0.206 Н50,:-12560 314 pure component 

5 5 5 5 enthalpies of species 

х25,::0262 H25, :=- 103.41 x50, :=0.369 H50, := 370.53 1 at 25C, 
x25, :=0.295 H25, :=-81.22 x50, :=0.466 Н50,:543543 85. 
x25, = 0.349 H25, :=- 11.35 x50, = 0.587 H50, :=473.11 
x25, = 0.533 H25, = 133.98 х50, :=0.707 H50, :=460.55 
х25,,:50.602 H25 := 168.31 x50 o :=0.872 H50,, :7 23823 
х25 | ‚= 0.739 H25, {= 177.94 x50, := 0.9999 H50, = 0.0 
x25,, 10 H25,, = 0.0 x50,, 210 H50,, = 0.0 


1:=0.. 12 
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41311, 500 





H25. 
1 
H50, , 
1 
-384.25 00 
0.5 
0, 125. x50. 
1 1 
Three-constant Margules fit x(1- x) 


f(x) :=| х(1- x) (2-1) 


x(1— x)(2x- 1)” 


851.268 
825 :=Нибї( x25, H25, f) 5 
525 = | 1543:10 
-5.027-10? 
195-10? 
50 := linfit( x50, H50, f) 


550 = | 1443-10? 


-2.099-103 


НН25(х) ‘= 825 X( 1-х) + 825 х4 1-х).(2.х- 1) + s25,x( 1— x) (2:x- D 


HH50(x) := 550 х 1-х+ s850,x( 1- x). (2:xx- 1) + 850,x(( 1-х).(2.х- Bp" 
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HH5ü(x) := 550, xl- х) + $50, x (1 – х) (2х- 1) + $50, x (1 – х) (2x- 1) 








300 ET 
200 500 
400 
100 
300 
нн2з (325 0 HES0 (x50) 
Н25. i H50. iis 
1 | 1 
-100 
100 
-200 1 
-300 -100 
-200 
-400 0 0.5 
0 0.5 1 x50 
x25 i 


dHH25( x) := 4 нн25(х) dHH50( x) := 4 ннѕо( х) 
ах ах 


А H150( x50) := HH50( x50) + (1 – x50)-dHH50( x50) 
^ H125( x25) := HH25( x25) + (1— x25) dHH25(325) 
А H250( x50) := HH50( x50) — x50-dHH50( x50) 


А H225( x25) := HH25( x25) — x25-dHH25( x25) 


a | 
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1349914 10°. ын 1.742186 103. 
ian fas j 0 m (50 j 
AH225 (25 j AH250 (50 ) 
e -5000 | e 


3 
75.718778 10”, 1.05 
0 0.5 1 
0 x25, 1 


47. 47. 


6.37 (also available as an Mathcad worksheet) 


6.37 
х, := 0.2108 H, и--738 х, 02834 H, :=- 900 
X 120.4285 H, :=- 1083 х, := 0.4498 H, :=- 1097 
х, = 0.5562 Н; :=- 1096 X, = 0.6001 H, :=- 1061 
ху :20,7725 H, :=- 780 Хү = 0.8309 Нн :=- 622 
1:=0.. 10 
H 
Нхх = 
t 
xx) 
-600 
-800 
H. 
1 
-1000 
-1200 
02 04 06 08 1 


3 
0 


х= 0.3023 
хот 0.5504 
E 0.6739 
-4420 
-4430 
Нхх. 
1 
~~ 74440 
-4450 
0.2 


0.5 
x50 


0.4 


H, :=-933 

Н, :=- 1095 

Н, ‘=-976 
0.6 0.8 
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AHI, =-4430-(1- х) АН2, 2-430. (x) 


А НІ, А Н2, 


-2.156-107 
- 1447-10? 
- 1341-10? 


- 895.481 
- 872.526 
- 708.446 
-471.092 
-229.28 

- 126.675 





1 
6.38 (а) C,Hi, € 1270; +47.02N,  8CO; &9H,0  47.02N, 
AH, 


nn = AH со, "ЗАН, нот AH p can 
= 8(-393.5) + 9(—241.8) - (C 2084) =—51158 kJ 


298.15 
AU x, = AH x, — ANRT = -51158 kY(17 – 135) x 8314 х Т 





kJ 





= —51158 – 8.7 kJ = —5124.5 kJ 
Cp of mixture = 8х 51.25+9х39.75+47.02х 3243 = 2292.61 J/mol K 


Cy of mixture = Cy — NR = 2292.6 1- 64.02 x 8.314 = 176035 J/mol K 


# of 
moles 


АЙ, 51245 x10? 
Tanal = Ta + 2 = 298154 — — — — = 298.54 291107 = 3209.2 К 
Cy 1760.35 


by ideal gas law 
Т МТ N, 
Py = NRT = МЕ ә p lp 
В Р, М, 
64.02 5 32092 
6052 29815 


(b) Adiabatic expansion 


N ЕЗ 








P, =1 Баг = 11.386 Баг 
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229261 229261 
Cp(per mole) = —————— = = 3581 
8+9+ 47.02 64.02 


pe 8.314/3581 
2 
1-14) = 32092 | 








, 11386 
= “а = 18245 К 
du О _ у 
: =0+ 
di зе” 
W= 29 - d. x10* J/mol of octane 


(c) This is like Carnot cycle with a varying upper T 


dU > . dT dS 0 о фат 
= Ож = Су; — == +5 =——; Т, = 150° С 
7 Q v 7 Tod 


AU-T.AS = У 


Т=САТ-Т.С. п 
Ti 


= 176035(423.15— 18245) — 42315 x 2292.61In D 





= —1049 x10f J/ mol of octane 
dE бый ы dT _ C,dT 


Cy —=7T, $—+iW > W= Су-- she = 
dt T dt dt T dt 


Т 
W; = OQ -7н)- T; Cp In 
Ty 


rn iin Hiin -YN, i,out Но tO+W=0 
2 сусу, iin біп -У 5а + ет” = 


2 maximum шанг 


a T si нэ j in 5; іп -YN, "T 


> YA DU aS) Y аа UH aw Tet Sam) ET 
W = EN a ae Tam блаа)” Nout (Hout — шон 
= У, (Н, Tan Sin) УМ + XV; XE, out — Timb m 
Absolute maximum work Т = Du = T, 
Ideal gas H, =Н,; 6G 5- S, -АШх, 


-/- 2% M Rf) Min ЦЭРЭГ 
кт.) Na т мум RT, In X; ou) 
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-W= RT N, anty у'уо- КТУ Xi ou 


X; 


i,out 


“ы 
= ЁТ} Niin N+ ХАС, - ЁТ} эх. 


х i,out 


6.39 
C is the number of components, and M is the number of phases. 


Then the unknowns are 
N К (number of moles of species iin phase К) 


=CxP unknowns 
РК (pressure in phase К) = P unknowns 


ТЕ (temperature in phase К) = P unknowns. 
Total number of unknowns is Cx P + P + P = P x(C +2) 


Then restrictions are that 

T is the same in all phases, i.e., T! =T! = 7™ =... 
P- 1 restrictions 

P is the same in all phases, i.e., P! = P" = р! =... 


P- 1 restrictions 


—K 
G; must be the same for species i in all phases 
= Cx(P- 1) restrictions 


In addition we have the stoichiometric relation for each species that 


K M 
М; = у МЕ = Мо + Y vix; which provides an addition C restrictions. 
К=1 j=l 


Therefore the number of degrees of freedom F are 
Е = (С+2):Р-(С+2):(Р-1)-С = С-2-С-2 
independent of the number of components, phases or independent chemical reactions. 


Therefore Duhem's theorem is valid. 
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7.1 


7.2 


(а) 


PV(T,P,N,N,.)- У МЕТ = V(T.P.x) -V.G,P) 
U(T,P,N,N,..) =  NU(T,P) = UIT, P, x) -UKC, P) 
Also S(T, P,x) = S(T, P) - RInx; 

AU «i = ХОТ, P.3)- UC, P] = У х[0]=0 


AV mix = ИСТ, P, D- Т.Р] = У x [0] = 0 


AH mix = AU mix + PAK 9-0 
AS х) 55 54Т,Р,х)-54Т,Р)|-3) х|-Кїах1--К) x; In; 
AG 7 ) x[G(r. P. - GAT, P]7 Y [Gr - 78) - (0, -TS,)] 
= У x(H, -Н/)- Ту х (5 = 5,) 
= AH цал TAS nix = RT). x lnx 


Similarly 
AA mix = AU mix - TAS mix = RT) x; ln% 


The picture of the process here is as follows 


ЦТУ, В | Mixture YN, Moles of gas at T and V ! 
1 

О иес 

[FPF] 


Let 
В = initial pressure of species i (pressure in unmixed state) 
P= final pressure of mixed gas 


Р = x P = partial pressure of species i in final state 
want to show that P = Р 

Р = МАТИ = (У N)RT|V 

P-N,RTÍV 


and 
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$ initial pressure of pure i 
Р =х,Р=х,МЕТ/У EN RIV =P 
T partial pressure of species i Q.E.D. 
(b) Since the internal energy of an ideal gas is independent of total pressure, it follows that 


U (T, x)= CA for mixing at constant total pressure or constant partial pressure. Thus, 


IGM 
AU mix = =0. 
Next, 
УЗЕМ pos OV Ум, АТ] RT 81% _ ВТх 
id ХН “Р P Рх Р 





RT V'°(P,T) 
im (i 


Thus 7°", P, x) = xV S(T, P) 


Can now define two дөм 









-Үл(8(1,Рд)-0,(7,Р) and a8! 





=). х{0,(7, P. —Ө(Т, Р) 





х | Was computed in Section 7.1 and will not be considered here. We will be concerned 





with A 


--шіх р 








IGM 


дих = Ух {И MT, Pa) - VB) = Y үх{хУ(Т,В)— (T. В} 


- p Уне be- 


се С) 


Ys 


Za- С)= 


C 
Note: у 1=С 
i=l 


where C = number of components. 
For enthalpy we have 


НТ, P, x) = Uj8"(T, P, х)+ РИСМТ, P, х) = UIS (T, P) + PxV!°(T, Р) 
-UP(T,P)« PVS (T, P) = HIT, P) 
Thus 
AH nix | 


—mix 





= У (МТ, P.) - HP(T,P)) =0 


and 
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C 


pO (H H'™(T,P,x)- нт, в)) 


нім 
AH 





у, ДОГ (Т, P) РИДТ,Р)-0 (Т,Р)- ВУ (Т,В)} 
=} «(04 PVT, P) - BV,(T,R)) = У x(RT - RT) -0 


IGM 
To compute AS ас 


we use the same sort of argument as in Section 7.1, but noting here that the 
volume occupied by each gas in the initial and final states are the same. Therefore 
i 


S(T, P x)= SC 2). Since T and V of each species is unchanged (see eqn. (3.4-2)) 
Therefore 


IGM 
AS 


mix 





-Ух [5 M(T, Р,х) - SIP(T, В) =0 
For the Helmholtz free energy we note that 


A=U -TS = АМТ, P,x) = U;j?" (T, P, x) - TS (Т,Р,х) 


-UP(D- TSP(T.£)- AP (T, P) 





Thus, ДА | -0. Finally G= 4+ PV, = 
GIT, P, = A'T, P, x) BEC EP Sa (T, B)+ Px US 
= A; (T, В) + ВИ ° (T, В) = G; (T, B) 
So that 


AG aix |, 











— MIX = 0 
7.3 Generally mixing at constant T and P and mixing at constant Гапа У are quite different 
However, for the ideal gas we have 
РЁ = N,RT (pure fluids) аш PV = У N,RT (mixtures) 
Thus for the pure fluids (same Тапа P) 
МЕТ МКТ 
Й = ! and V, = 2 
МЕТ МКТ АТ 
xl cc i ern 
So for the ideal gas the mixing process described in problem statement is also a mixing process at 
constant T and P and Table 7.1-1 applies here also 
7.4 


We have the following properties for a mixture for mixing at constant T and Р 
U(T, P, x)= У МОТ, P) 


V(T, P,x) = УМУТ, P) 
S(T,P,x) = У N,S((T, P)- a Мах, 


and S, = S; 2 + Cy Int + Rin 5 
и? |2 


=i — 
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0 ро 
50 ,U;,V. аге а{ some reference state. 


pact —i?^ Li 


(a) Find V, би Si and Gi ud U? Сүг, К, Т, and P. Need U,, V;. 

















We know dU = 745 – PAV > — =— spams =59+Су n+ Rin Г. for 
хайж хэн 52, т’ 

pure component i. 

oS 1 1 

= =—=C Ge -С 
90|, Т Vui val 

Ә 
ӘУ |, a КЕНІ Em 
OU oV 1 -1 95 А Р 
ағыла ЕВЕ Е ------ 
951, 90; Р or, Р Vly V; Т 
RT 

>И. =— 

== р 

- 90 Ә 
So О: = =_—)N,C,,T=C,,T=U, 

9 Nil, py 3N, Ё ч 

U; = Cy,T 

7 — ду 2 Y NE КТ _у_ 

UN Exc ƏN; HOP pa pec 


7.5 (a) Start with eqn. 7.2-13 


p с Lm =f и. 
Р ӘМ, J, 


NRT Na мт УУ, ММ, 








9Р| | RT NRT Eya а 
ON. 


жые ыы С ее УР | - 
ily V-YNh у-у Nb 

RT ad pa 
И-М V-b° y? 
9Р| RT. RTb 2)х, 


ӘМ, v g- v 
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- 2) хак 

л a FCU rr RT RT Ls : 
Ing, = In = — | 6 

АР Т | И Ү-5 УИ 


2) ха; 

1 ү 2ЕТ/Р RTb, ZRTJP L ЈУ 
= —— | RT ln— + сЕ 2 
АТ р: (ИР) E 


ца Бгз шее InZ (меге В, = = 
Z-B (2-8) RIV RT 
= 2) х,а, 
Л 


| В. : 
= Ing, = In~ = ——— -In(Z - B) - ——— 
хР Z-B RTV 














(b) For a pure van der Waals fluid (Eqn. 5.4-13) 


Íi а; 
In —-(Z-1)-In(Z- B.) – —— 
P ( Je ) RTV. 


and, by definition of the activity coefficient 


Л = Лү > 


2) х4, 


В, 
"= хРех i——In(Z - B)- ———— 
^ ш Z-B Z 





mixture 


iz Pexp4(Z~ 1)-1(2-8)- ál 


pure fluid į 


эрде B)]- In(Z- В) I /| 
7 mixture =y; 


Е 
xf; ехр{(2 -1)- In(Z p? В,)—[(А„)/ pure fluid 


50 





Note that the compressibilities in pure fluid and mixture will generally be different at the same Т 
and P. 


7.6 As a preliminary note that, from Eqns. (4.4-27 and 28) 


H(T, P) - H'(T рева) [o ЭР] _ play 
PE IN EN РОА "= 


апа 


V=ZRT]P 
sr,P)-sr,Py=Rinz+ | |9Р| Кии 
Е Е кы aT) p 


Solutions to Chemical and Engineering Thermodynamics, Je Chapter 7 


RT a 


уйу E.O.S. P = ——-— so 


y-b y? 


ӘР R ӘР RT RT а а 
--| ----;ТІ--|-Р----- doce 
ЭТ), V-b әт} V-b (7-5) y ү? 





ЭР] Е R К. 
әт, V (-Ь) Г’ 


ү-2АТ|Р 7 





э Н(Т,Р)-Н'9(Т,Р)= ВТ(7-1)+ | = RT(Z- йз = RT -)- 77 


and 


И=о — — 


S(T, P)- S'9(T, P) = RInZ+ | 
> Е V-b ү 


У-со 


Ё=7КТ]Р 
Lt by 


ТЕТ|Р 


- RIn(Z - B) 


= Rin Z+ Rn EA 


=00 


IN 


Now on to solution of peo 


(a) 


(b) 


E = Jis -Yxy2— un Z mix -Yxz) АЁ ix 


Za = compressibility S mixture at Тапа P 


Z, = compressibility of pure fluid at T and P 
Will leave answer to this part in this form since the analytic expression for 2, and Zu, 


(solution to cubic) is messy. Though it can be analytically and symbolically with a computer 
algebra program such as Mathcad, Mathematica, Maple, etc.) 


I — mix i Z _1 UE i ; 


mix 





Ч mix 


— i шин 


mix 
Zax- È uz) науа = — 
Z uix 
A = (H ix Н PV мы) z У x, E РУ.) 
= (Нау 8Hj)- PU mix У V.) 
= RT(Zmix — У x;Z;) нку 34 34; б.) ац RT (Zmmix – 9,3, 


= + Y, 214 Аш 
Zi Z mix 
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(с) 5—05 - Ry хах, 
=s” 
= PIn(Z,;, — Въ) - R[X;In(Z; - Bj)- Ку x 1nx;] 
= Rin(Z nix — Buix)— Ву. x[in( 2; —B,)+ Inx;] 
= RIn(Zyi, яа Baix) рт х/(2, A ВЛ 
= Rin Zmix = B mix 
П(2,— B)" 


(d G"-H*-TS* = RT(Zy, - ),xZ,) en 4.4) 
i mix 
—RT In 2х Pu 
IZ - 8)" 


A" =U* - pg" = >)» АА Ашы | = иы сш = - - 


i mix 


7.7 (а) Start from eqn. (7.2-13) 


f 1 м-281р| RT ӘР 
Ing, = In—— Л тя ELET ғы V -InZ 
»Р RT 7 ON; тим. | _ 
ЛЕ 


but 


PV Dos ie 13090, 
- Е 








=1+ 
RT у 
ART NS 2223 уу 
VER у? E 
2) N,B;RT 
ӘР RT > ibi 
ON, V y? 
2N) N,B;RT 
ӘР МЕТ LNB, ат, 
М =——+—+,——= RT 
9М, V 2 4 
> 
2RT) x Bi 
ЧИН | RT RT | 
pee 42007 ----И/-іп2 
ата аа тайса E z 
2 
-/22х/8)-1һ2 (сап. 7.4 - 6) 
Note also that 
Ру py? py? 
—==1+— or ——-y 4B—--y-Bz0 
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+ 
ы ны, Te = = Л+АРВГАТ) 


2 P/RT RT 


as P0, Z— 1 (ideal gas limit) so only + sign allowed 


2= 205 Ji « 4PB[RT) 


Note that at low pressures we can obtain a simpler expression. 
At low pressures 


PY _ 14 Вых атъ PmixP 
RT V RT 
Then 
RT RT те ; 
y- -p P Вшх = Ex 7 By +2y1y2B12 + Ув 
иу = ав. Y Y урвуу" 
Also 


V = NV = (№, + N5)—* —— МВ, + МВ, + 2N, М, В 
У = (№ a wae М, 2В12 No B] 
юм 
— a RT | 
po ТЕЕ D e 
Эм P ace "NN, 
-iYowB2Yy B5, 
RT 
= +[ эВ + 2728,2- Ви 221082228] 


RT 
л ebe- »y)Bi +2 (1- Y) By - В] 


RT 
= thie- v) +25 В - 1 В» 


A RT RT 
n d se »Q- y,)B, +295 B - УВ „]- 
у; Р 
Л 1 IGM P 
== — | (V-V МР- 2-у)В,%2у2В 2B 
У RT Jn 1 ET V1) Bi +2 By - Y» „]—— RT 


= LA = exalfy(2- 1) Bi +272 B2 — у By |— Р = 
ЯР RT 


This is an alternate, some approximate expression that we will use in what follows. Also, for 
the pure component we have 


Е 
Р RT 
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Note that these expressions are slightly easier to use then the full expressions since we don’t 
have to solve for V (or Z) first 





4. дүүс tlbi »)B, 2558, Bo (рікті 
ЕА exp{ B, P/RT] 
P 
= өр 0 —2y,+ yi Bu + 292 By УВ,» =| 
= = exp 20028, -8, - 5 zb 
бос? 
ог lny; = г where $, = 2B- B,- B, 


(b) Repeating the argument for a ternary mixture 


P 
Iny; = bbe + yoy(8i +513 Әә) + 38] 


By simple generalization 


P 
ү; = rli у эу 6,-+5, - 5, 


ізі ^£ 
itj 


78 (а) G*=x,x,{A+B(x,-x,)} 
N N,- 
g> = yg” » MN. dg XON 
= = N +N, N +N, 
= ӘС“ N -N 
G= G = 2 A+B М, 2 
ЭМ Jyp М+М М, + М» 
NN, (м - №) 
UR at Bots 
(м+м) N +N, 
NM B В(М-\)) 
м+м, м+м, (Ni +o) 
= х {А+ B(x, — x,)}— хх А+ B(x, —x,)} + x x, В(1- x, + xj) 
= Ах + Bx? -2Bx; +2 Bx, -2Bx; 
Thus С = АТшу, =(А+38)х -ABxj. 


Now by repeating the calculation, or by using the symmetry of С° and replacing B by —В and 
interchanging the subscripts 1 and 2 we obtain 





G? = RTIny , = (4-3B)x; + 4Вхў 


(b) Gt = АТФ» _, G* = NG* 
Хї4) + X515 


After some algebra 


2 RTaqq М. № 
Ма + №4 
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ae _ Эмс“) Е 2КТа 
a- 2. 51024) 
әм, Т,Р,М, [+ Coa [5,4] 
Се 2 
Sie ше Өв ete 0082 
RT [05/4] [+ (0/8) 
Similarly Iny, — — ae ; 
[+ (Br, /ow, )] 
ex Xidi 
(с) => = 24122125 + 2413212 + 2053223; where TS i 
RT Ух, 


2) 
СМС“ = Шр 2 VY ay NN аа ; thus 
k k j 


-4! Y Vg jXkX j рУ а; jX ; 
j,k 7 


© O_o oo 
2 
T,P,N ja (Eaa) ia 
k 


In y, 2-4 G^" 9 ox 
RT Эм, 





Now setting 











2 qiio 
Од, = 24а. Bj; = 24,4, = 2441,5 06, => 4 = iu 
12 
similarly, 43 = a Bs ‚ ес. For the case 1-1 
O5 


йу се [зол (В, /оо) + хз оиз(Виз/оиз) |+ хоха(Ві2/04:ХВіз/045Д042-045-005(042/Ві2/ 
| {x1 + X2(Bi2/042)+ x3(Bi3/043)}° 


Interchanging indices | and 2 


ыы B» (оа:/В,) + 2063 (Вьз/0%3) ^ + хаз(о42/Віз ХВ>3/ ез [В +043 — 03(Bi2/O%2)] 
1% + (042/By2)+ x3(B23/023)¥ 


Finally, interchanging indices 1 and 3 in the original equation yields 


Е {x3 By3(043/Bo3)” + xi Bion 3/Bi3) } + хро (003/63) (06 з/В,3 18 + Bis = В,›(Вьз/063)] 
i {x3 + X2(043/Bo3)+ (оц Вз) 


7.9 (also available as a Mathcad worksheet) 


Using Eqns. (7.6-b) yields: œ= — о fa) a nd B= 2.40. Ча) . From Section 4.6, 


by 
we have three different "e relating the a and b parameters to the critical properties: 
STR Te RT, 
1) a=—— and 5---<. Бап. (4.6-4а) 
64 Po 82 


2) a-3R.V? and Ь==©. Eqn. (4.6-4b) 


Ты 
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Ус 


У „ВТ, 
Ро апа Ь 2743 Бап. (4.6-3а) 


3) 


Since 2. is not equal to 3/8 for the fluids under consideration, each set of relations will give а 
different pair of values for a and b. Generally, set 1 is used, since V. is known with less accuracy 


than Р, and Т. All three sets of parameters will be considered here. 


Benzene 2,2,4-trumethyl pentane 
Vo = MW/pc 0.2595 ib 0.4776 m'/kg 
Set @ 1875x10* (m) Pa /kmo!? 3,609 х10% (m?) Ра/кшоё 
? 0.1 19 ( Бо 0. 232 ( аг) /kmol 
о 0.480 
0.937 
Set2 — 9945ж10° (m°) Pa /kmol? 1.698 x 10° (m°)? Pa/kmo?? 
b 0.0865 n? Pu 0.159 п? 
(0) 0.353 
B 0.658 
Set 3 б 13655 х 10° (т?) Ра/ктоР 2476ж10° (m у Pa кто 
0.0865 m"/kmol 0159 m?/kmol 
о 0.433 
В 0.807 
Set 4 
Example 7.5-1 о. = 0.415 
Fitting the van Laar equation В= 0.706 
Set 5 
Example 7.6-1 © = Lig, -&) = 0.703 
RT 
Regular Solution Theory = Éa- 1304 
V 


-1 


The 5 sets of results are plotted below. 


Numbers in circles denote parameter sets used. 
Parameter set (9, fitted to the experimental data, should be the most accurate. Parameter set (5), 
obtained using V. and T, data should be reasonably good, also. 
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7.10 i) One-constant Margules equation 


RTIny, = Ax; RTIny(x, = 0) = 4 
Тһиѕ 
* Yil) 2 2 
RTIny, = RTIn —-—— = А5 - A=- A 
“п Ys -0) io x) 
or 
: -4(1-х2) гт х1:1000 |-4(1-22) 
= ———| a - 1 ----- 
Yı 94 RT Үт т. М, ехр РТ 


ii) Two-constant Margules equation 
RTIny,(x,) = oux + Bio 
RT Iny,(x = 0) = Ой + В, 








кт = RT И o«(1- x3) - Bi (1-33) 
Thus 
: all- х)— В (1- x3 
Цин жин zs i 3 
and 





2 3 
1 _ м: 1000 e о (1 x) B(1 3 
m,M, RT 
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11) van Laar equation 


Iny (x)= тү(х-0)-о 


a . 
[1+ (ох, / B; | 


1п HEA = Iny,(x,) -In y,(x, = 0 ай к. 
ы йиз 


ог, upon rearrangement, 
Yi = ed -£ x Qo, + e 
(Ве +00) 


апа 


yE = 211000 y Б: КЩ 
т,М, (Bx, + 001) 


iv) Regular Solution Theory 


RT ny (м) = V5 (8, -8) and RTIny,(x, = 0) = V (6, -&)y 


xy 


(since Фф, = 51а х ә 0) 


aito, 
Thus 
RT шү((4) = RTIny (x,)— RTIny (x; =0)= (02 - 16, - 85)" 
к - AN 
Yı р RT 
2 2 
_ x,:1000 V ($ — 1), -6;) 
n mM, P RT 


v) UNIQUAC Model 





P Z Ө, ,_Ф Өуг; 
lny, = in — - -q,1n— 47, - — у х4/-441-1) (Өл, |-)ң- 
Yi X 2! Ф, i 22 j^ di } (өл) Уул, 
k 
In y;(x, 2 0) = lim (Iny;) 
x30 
Now consider x, > 0, then Ө; 1 and Ө, 5 0 
Жас ЖС 1217-2208» p c Ө, _ ха; [а + х24>) 47) 
Xo XX) x? ПХ X r $; xn[on-xm) m qj 
: 207, А T. 
пиа 22) ij, of In(v;) У) 
"eU Аг lj Ту 


* jj ; dj i і 
in = Iny; = In L5 БОЛ S РЕ ay 
yı 0) х 2 ф ағ) X rj 
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7.11 


7.12 


1000 . + 
үг - ын ———— ү, where Ү is as given above. 
1 


m, M 


An ideal gas constrained to remain at constant volume and 7, is also a system at constant internal 
energy and volume, since U is only a function of temperature for the ideal gas. Consequently, at 
equilibrium, the entropy should be a maximum. 

Suppose there were N, molecules and М lattice sites. For any distribution of the N, molecules 


among the М lattice sites there will be М, lattice sites with molecules, and N, = N — М, empty 
lattice sites. Thus we can consider the “lattice gas" to be a mixture of N, molecules and N, holes, 


and the entropy of various configurations of this binary system can be computed. Following the 
analysis of Appendix 7.1, it is clear that the random mixture, or uniform distribution of gas 
molecules, is the state of maximum entropy. А completely ordered state (for example, the first N, 


lattice sites filled, and the next №, = N — М, lattice sites empty) is an especially low entropy 


configuration. 


The principle of corresponding states, and the pseudo-critical constant concept will be used first, 
then the Peng-Robinson equation of state (program PR1) 


: хэд ie: P. = BOD 24588. 
154.6 5046 


From Figure 5.4-1: £ 10252 f Л 820 Баг. 


(а) O5: 1--1546К, Б.-5046 Баг; T, 








Using the P-R e.o.s.. and the program РКІ fo, = 735.1 баг. 


2 
(0) N,: Тс =126.2К; Р. = 3394 Баг; Т, А. 2.298; Р EU даши La 1.36; 
126.2 33.94 P 
Jn, = 1088 Баг. 
Using the P-Re.o.s. Лу, = 1043 bar. 
(c) Lewis-Randall Rule 
Corresponding states P-R e.o.s. 
Jo; 0.3820 = 246.0 bar 0.3x 735.1 = 220.5 bar 
А» 0.7 х1088 = 761.6 Баг 0.7 x 1043 = 730.1 bar 
(d) Kay’s Rule 
Тем = 03 х 154.6 + 07 x 126.2 = 134.72 К 
Ем =0.3x5046+ 0.7 x 3894 = 3890 bar 
T 290 
9: 2 -—— (To o, Тм) = -———— 154 6 – 134.72) = -0318 
т Thi (То, = Tem) 13472? 
22200 7522257126 2- 134.72) = +0136 
1347 
P(P. o. — P 
y? = EET co o). gn 
Fem 
№ _ 
Wy? = 2.622 
290 





rM = 


2515381 i, = 250568 
134.72 3890 
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H-H 17 
TEN 123; ———— = -—— ——0856; Zu ~ 16 
P ВТ. 1.987 


Же (0136—0856) (1.6-1)0.622) 
In —— = In 123—-———— рээ лэн е, 
Ж? (21526) 20565 
= 02070+0.0251+0.0765 = 03086 


ау eg fr, = 07х800х1.3615 = 762.4 bar 
Хм, 
f —0318)(-0; 16—1)(—6112 
КЕЛЕ ugs 609 0 0559), сы X 115506 
Xo, P (21526) 2065 


> Je = 097113; fo, = 097113x 03 x800 = 2331 bar 
*o, 


(e) Prausnitz-Gunn Rule 


Км = К (y XiZc,) (y xiTc,)! (y; Xl c; ) 
=ZoM -Ісм =V eM 

2см = 03 х0.288 +0.7 x 0.290 = 02894 

Тем = 134.72 (see part d) 

Исм =0.3x 0.0732 + 0.72 х 0.0895 = 0.08461 
_ 0.08314 x0.2894 x 134.72 

PS 008461 
Тм апа Py are so close to results in (d) that Zy, 1123 Н- Н' are all the same. Also, w's 


= 38.31 bar (vs. 38.90 bar in part d} 


are the same. 


М, _ 
Woo = 


800 |0095 = че) d (252 -13472 | 5 (225 -02894 ) 
3831 0.0846 134.72 02894 


= ==. (005792 4-006324 —0.00207} = 2487 


o, _ 800 pl Gne CERIS 
5 шиг 13 ЕН гэг 








7 3831 0.0846 134.72 02894 
--5794 
in-282 = 02070+00251+ 262487 _ 930357 
хы, 2088 
фм, = ы = 13547 Ж, = 758.6 bar 
XN, 
In fo _ -001819; фо, = fo = 09820; fo, = 2357 bar 


Хо, Хо, 
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(f) Using the program PR1we find To: =2249 bar and fy; = 732.3 bar . 


SUMMARY 
ж, fo, 
Lewis-Randall 761.6 bar 246.0 bar 
with corresponding states 
with Peng-Robinson eos 730.1 220.5 
Kay's Rule 762.4 233.1 
Prousnitz-Gunn 758.6 235.7 
Peng-Robinson e.o.s. directly 732.3 224.9 
(program PR1) 


This problem was solved using the program UNIFAC. To present the extent of nonideality, two 
measures will be used. One is the infinite dilution activity coefficients, and the other is С7 (max), 


that is, the maximum value of the excess Gibbs free energy. The results appear below for the case of 


Т-50С 


І 2 Үү? ү» СЭ (J/mol) 
water ethanol 2.7469 7.2861 829.6 
benzene 304.0 1867.7 3507.9 
toluene 446.5 8716.2 3765.4 
ethanol benzene 8.8774 4.5590 1162.0 
toluene 8.1422 5.4686 1177.7 
benzene toluene 0.9650 0.9582 -26.1 


These results were obtained treating toluene as 5 ACH groups +1 ACCH, group. 
An alternative is to consider toluene to be 5 ACH groups, 1 AC group and 1 CH, group. We do this 


just to demonstrate that there can be a number of possible group assignments, each of which will 
result in somewhat different activity coefficients. 


1 2 Y Үз С°* (Ито!) 
water toluene 340.1 6162.0 3685.0 
ethanol toluene 9.928 5.966 1269.2 
benzene toluene 1.0058 1.0080 4.5 


We see, from the results (independent of which group assignment is used for toluene) that the 
benzene-toluene mixture, which contains chemically similar species, is virtually an ideal solution. 
The water-toluene and water-benzene mixtures consist of very dissimilar species and, therefore, the 
mixtures are very nonideal. Ethanol contains a hydrocarbon end and a polar -OH end. 
Consequently, it is almost equally compatible (or incompatible) with both water and hydrocarbon 
solvents and forms only moderately nonideal mixtures with both this behavior is predicted above. 
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7.14 Regular solution theory should not be used with hydrogen-bonded solvents such as 
water and ethanol. However, merely for demonstration, we will use R.S.T. for 
these compounds. The “Handbook of Chemistry and Physics” reports 

брон =100 and 94,9 =99. Also, Ино =18 cc/mol and 

V рон = 584 cc/mol. 


In regular solution theory 


AQ 
КТ шү, =V,07(8,-85)° moy? mex EÈ 23 | 


R 
so 
1 5 ҮТ Y? 

Water ethanol 1.000 1.001 Фыон-100 
benzene 1.014 1.070 Senz = 9.2 
toluene 1.028 1.181 бы 789 

Ethanol benzene 1.060 1.093 
toluene 1.116 1.223 

Benzene toluene 1.013 1.015 


Since the solubility parameters of all the components are similar, regular solution 
theory predicts essentially ideal solution behavior, even though, for example, the 
water-aromatic hydrocarbon mixtures are highly nonideal. This is an example of 
how bad the regular solution theory predictions can be when used for mixtures for 
which it is not appropriate. 


This example should serve as a warning about the improper use of thermodynamic 
models. 


ШУ! тлб 
мэн SLAp GAS ант r.[5-5*]. 


Tom 


.9 G-G7"| Ты 9 02-09 
ӘТ| RT R OT| КТ 


9 (£) H 
In general ——| = |= — =; using this above yields 
5 ƏT T? 5 T 





IGM IGM 
2 аот. oa oe ae i 


9Т| RT prete. КТ, Тем 
Also 
dpt = Жм 9 (g- gio) Км (y _ рб) 
ӘР) RT RIP RT" 7 
dou] РУ Cp zb dj (11-49) 
ЕЕГ рем 


Using these equations in Eqns. (7.7-9 and 11) gives 
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gel 15) Tew (= HP") «22s 
Jio | ч-н) 
ХР Р RT N; Дь, я, 


7 
+n ШЕНІ 
М; T,P,N. 


у 


= Ы (52) 2. ыл.» 








7.7-14 
RIT ыы Р, ( ) 


r 


For Kay's rules, Їсм = Ў 15 and Юм ЗУ. ‚ we have 


а ә [Eur] 


Әм, ЭМ, (Тем Тм ЭМ, Ta ON; | М 
NT |1, Y Nic; Т 

м | ты fend 
СМ CM 


Since the “combining rule" for Ry, is the same as for Ту (for Kay's rule), it 
follows that 


wA(K)- ape FS Poy} 
Fem 


For the Prausnitz-Gunn rule, Том = Tey (Kay), so wi (PG) =y/(K) . However 


2 ТАР 2 


Thus, 





: “БӨМ, 
АР ә JR) м2 У NT, 
С PON, | Ухум, 
__ МР RZo j} МТ ЕТУ Nes = 1 Vey 
уму муы, "уму мис, MENM УМЫ 
: сааса Zo; ey 1 Fa | 


Ем У М2, "Уулу N YNY., 


р ӘР NP d 
WA(PG) = № = = = 
Т,Р,М, 


2 
Км 





Thus 
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T, P 
xı moles pure 1 


7.16 


Process 





T, P 
x2 moles pure 2 


System: 1 mole of initial mixture 
system is closed, isothermal and isobaric 
Mass balance: x +x, =1 


dU dV 
Energy balance: ng PPS 
dS о. 
Entropy balance: — = 2+ S 
ру dt T gen 
Thus 
. dU =. dV 
Wt Qn. 
р ат 
45 
T— – TS en 
gs dt 
ў = ам аг р spe 
р ҮЛ dt dt 


a) Since both P and T are constant, we can write 


. dU d 
W, = РИ ass 1522 


= 4 (y X Py - TS) T$, 206 TS 
dt se dt 


dG 


Clearly, for W, to be a minimum, $,,, = 0, and И" = кр 
i t 


үү та рег mole of G л 2 а = - 
БоБ м + = Р 
5 Vinitial mixture y Gi FG, XG, - xu - №02 
= s(6,- G)es(6,- G) 
T.P Т,Р 
= кт). ppp н 
ЖҰТ, Px) SAT, Р, х) 
f(T, P, 
b) Now for either ideal mixtures or Lewis-Randall mixtures, por x. 


Therefore, 


w=" = КТ|-х, lnx — x, шх,] > 0, so work must be added! 
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Chapter 7 
Мое: ОТ r$ thus O™ = TS. which hen W, = Wm" 

ое: О= 3: БЕЙ us О = зохин, occurs when W ZW. 
Following same analysis as above leads to 


О" = rlx[S,(r. P) - 507, P, 0] + (5,07, P) - 507, Р,х)|) 


c) Using the ideal gas or ideal mixture assumption, since isomers can be 
expected to form ideal mixtures, and the result above 


W^ = RT[-x,Inx, – x; шх,] - 8314 





x 300 K x [-051n05 - 0.5 10.5] 





mol. К 
= —8314 x 300 К x1n0.5 = —1728.8 ——————— 
mol: K mol of feed 
2 
7.17 yasa unu aa с 
М + №, (N, + M) 


G, E - х А+ Clx- xy ]- x А+ C(x,- x] 
ON, T,P,N3 


(N,-N) 2@N,- ХН 
(м+ №) (NEN) 

=х,(1- х [А + C(x, - xy | хо (х - x;)- 2C(x, -x)] 
= ха +С(х, -xy] 2Сх,х,(х,- хэ -х +х,] 


= ха + C(x, —х,) + 4Схүх (х-х)- RTIn y, 


хулс 


= _ ANG) 


e азаннан 


+x,x,(N ex) BN аа 
ба Л (у зм)" Е. 


-х(1- x [A +C(x,- х„)]-2х,х,С(х, -x [+ x,-x,] 
= xi[4+ C(x, -х У|-4Схах (x, -x)= RTIny, 
ог 
222 2 
КТ шу, = ХА +C(x = о) + 4Cx, (x; -x)| 


RT lny, = x Cs; 271 -4Cx, (x, -x)| 


7.18 (а) 1) Опе constant Margules equation. 


RTIny, = 41-х}; ar EY. --24(1-x) 
1 
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Эту, -24(1-х) 
Ә Xi RT 


2 А(1— 
lim „ш ну: 
хү! Эх хү-! ЁТ 


ОР 
olny 
E 0 


ii Two constant Margules equations 


ЕТ у, = оц(1-хү)” +B- x) 
olny, 
Әх 





1 2 
1 206(1-х1)-38,1 xl »0asx, 1 


11) van Laar Equation 


о 


= 
МЕНЕ 


Thus 


Эту! 2 202 (1-х1) 
9x [В1—х)+ох] 


— О аѕху > 1 


iv) Regular Solution Theory expression 
R.S.T. has the same form as the van Laar Equation, so that proof follows 
from (iii) above. 
(b) Starting from the Gibbs-Duhem Equation, Eqn. (7.3-16) 


we obtain 





БЕЛІ 228 
Ох, ae Ox, Jp p 


Alternatively, since dx, =—dx,, we have 


E (228) ix E (*) 
9 а 
Хр JTP Х тр 
91 
Now lim x, 21 and lim Te -0 
х 1 x,21 x T.P 


а! al 
> lim q 4] =0 35:21 122101. 0 
x,2l Ox, Т.Р x,2l Ox, ТР 
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А T : olny, 
which also implies that lim x, = 0 or, more generally 
=> Әх, Jrp 





Thus we have 
Iny, departs, with 


DE = 0 > zero slope, from its 
i Т,Р 


value of 0 аїх, = 1 
and 


In'y, rises less rapidly 


lim x; gi, -0-» than a as x, > 0. Thus 
x,20 Ә X Јрр х, 
x, lny, is bounded!!! 


7.19 Let M — molality of salt in solution. 
i) БогКСЬ 2,-1,2 =1, Мк=М, Ма=М; 
1 1 
=} ам, = ахм+1хм)=М 


21253 2_=—1 
М,-М M_=3M 
2. 24:9 2 =-2 
iii) For Cr(SO,),: 

М,-2М M_=3M 
Now, the Debye-Hückel expression is lny, = -ap, z МІ 
and Equation (7.11-18) 


1 
ii) For CrCl,: | 1-2 xM+1x3M}=6M 


| 1= 5 ж2м+4хзм} e 15M 


_ [ 1/2 
түге SEAN о ыры cas итле) at 25°C 
^ 1-4 lit 


i) KCl 
M Iny, Debye-Hiickel Eqn. (7.11-18) 
experiment Iny, =—1178/М -11784М 
= lny, = — = +0.1M 
ТЕГ 
0.1 0.770 0.689 0.761 
0.2 0.718 0.590 0.709 
0.3 0.688 0.525 0.679 
0.5 0.649 0.435 0.645 
0.6 0.637 0.402 0.635 
0.8 0.618 0.349 0.621 


1.0 0.604 0.308 0.613 
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ii) CrCl, 
M Iny, 
0.1 0.331 
0.2 0.298 
0.3 0.294 
0.5 0.314 
0.6 0.335 
0.8 0.397 
1.0 0.481 

iii) Cr,(SO,), 
M Iny, 
0.1 0.0458 
0.2 0.0300 
0.3 0.0238 
0.5 0.0190 
0.6 0.0182 
0.8 0.0185 
1.0 0.0208 


-86574 М 


шү, 


Е 


0.065 
0.021 
87x10? 
22x10? 
12x10? 
43x10“ 
17х10 


Iny, = —27374/ M 


НӨ 


174x104 
482х10% 
308х107 
392x10? 
618х 10770 
2.33х107! 
129x107? 


Chapter 7 


| -86574 M. T 


= + 
1+ 2.449/М. 
0.256 
0.226 
0.227 


0.262 
0.291 
0.373 
0.492 


_ -27374/М 

143873 M 
0.0502 
0.0113 
0.122 
0.508 
1.104 
5.559 
29.44 


Thus the Debye-Hückel and extended Debye-Hückel (with a fixed value of 
the 5 parameter) theories аге not very accurate. However, if the ё parameter is 
adjusted, much better agreement with experimental data can be achieved. This 
is left to the student to prove. 

7.20 (also available as a Mathcad worksheet) 


7.20 
M, :=0.001 


M, :=0.05 
М; :=10 
M, :=8.0 
Mj :=14.0 


1:=0.. 14 


Gam, :- 0.967 
Gam, = 0.847 
Gam, :z 0.774 


Gam, :=8 61 
Gam., :=104.7 


M, :z: 0.005 Gam, := 0.934 
M, =0.1 Gam, :z 0.790 
M, :=3.0 Gam, :=1.156 
Му =10 Gam, , = 19.92 
М :=16.0 башт), := 198 


IngDH, =. 1178 (м) 


m (Gn) 


марні, 


M, :z 0.01 Gam, :z 0.891 
M, :=0.5 Gam, :z 0.739 
M, 1-30 Сат, :=274 
Mj :=12.0 Gam, := 46.3 
м, :=20 Gam,, := 485 
-1.178-(M,)"° 
IngDH1, := ——— 
1 0.5 
1+ (Mj) 
10 
5 
0 
-5 
0 4 6 
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IngDH2, ‘= 
1 0.5 Е 


1+ (Mj 





Chapter 7 


шинэ -030-М, 
1 


1+ (Mj E 


IngDH3, := 





ы)" 
-1.172 (M. (77 
ad a +0.37-M, 


IngDH5. := 
1 1+ (му 
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7.21 


The Gibbs-Duhem equation, written in terms of molalities and using the mean 
ionic activity coefficient is as follows: 


MgdGs + M,dGe =0 where S is solvent and E is electrolyte 
but 


Gr = 6° + RT In(y,My* M?-) 
Gs = G? + RT In(xgys) 
So that 
MdG, + MgdGs = 0 
Mgd In(xgys)+ Мьащ(у; МҮ M*-) =0 


М,д W(xgys)-- Mgdn(yt M?) = 0= Ма In(xyys) + Мьм шү, М.) 


This is the Gibbs-Duhem equation for the solute-electrolyte system. 


For HCl 
M, = Myc М: 
M = Мна У =1 
M; = Mia Миа = М; 


t HCI НСІ НСІ 


1000 
М; =—— = 5556 
18 
oa Ms __ 5556 
5 M+M; 5556+ Mg 


Ма шУзж + Mpa (l+ Dd ш(у,.Мна)=0 


4 шүүх, = “Уушиг, Мна) 
H20 

—2Мна4 (у; Мус) 
5556 


d In'ysxs 


22Мна A ny, Мна) 


Апу; х; TT 


This can now be used as a basis Бг numerical integration with the activity 
coefficient expression from Illustration 7.11-1. Or proceeding further, 
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-2 Мнсі4 Шү. Мно) 


аїшүсХс = 
Мн,о 
4 шүс +4 Inxs =- 2.Мисуд Шү») | 2 Мнса In( Mua) 
5556 5556 
doy edo 556). _2Мна Int), 2 Maced Mya) 
5556+ Мис 5556 5556 
From Illustration 7.11-1 
-11784/М 
In(y,) = ———=—=#©-+0.3М не 
+ y Мис 
1 1178 1 1.178 
4 ш(ү,) = CONO A oa nt 
2\/Мна 1+4Mya 2 1+4 Mya)? 
Inys- аМна 
5556+ Мис 

— 2Mw( 01 HS. LNBs рн амс. 

5556 | 24 Mya 1+/Мна 2 04 Maa) 5556 
d шүс 
Ё Do Ма Мо _ Ma (2 Y, 

5556+ Мина 5556.@+\/Мна) 555604 My)? 5556 5556) "9 


This сап only be solved by numerical integration. (See MATHCAD file for this 
problem). 


gamma (M) 0.5 


‚4.5185 46”, 0 
0 10 20 30 
0 м 30 


7.22 (а) The two-constant Redlich-Kister expansion, which leads to the two-constant 
Margules equation is 


G™ = xx (A B(x, 7 х,)} 
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Thus 


ех 


G 
= = A+ B(2x,- 1) (1) 
Xy» 





Which is a linear function of x. 
The form of the Wohl Equation which leads to the van Laar Equation is 


— 2Е7а|2Х141Х24 


Х141 %Х242 


ағ 


which сап be rearranged to 


ха xq (1- х1) 0) 
С" 2КТа1 24142 


which is also a linear function of x. Equations (1) and (2) provide the 
justification for the procedure. 

(b) The figure below is the required plot. Clearly, neither equation is an accurate 
fit of the data. [The 2-constant Wohl (or van Laar) equation plot of the data, 
1.е., the form of Eq. (2), 18 closest to being linear, and therefore should be the 
better of the two-constant fits of the data. The data can, however, be fit quite 
well with a 3-constant Redlich-Kister expansion— See Illustration 8.1-4] 


Ч 2000 


О = крт рата 
777 а bine thru PT 4 
Lesr Ро'лт$ 


1600 

ar 

о Thika 
моо Tao 


)20o 


Two -Consranr jean 


Meraules 





7.23 Expression for С“ in this problem is the same as that of Eq. (7.6-6). If we 
recognize that A and B in Eq. (7.6-6) is replaced by ART and BRT here. Also, 


since (1—2x,,)= (xon, - Xar) ‚ species 1 is methane and species 2 is argon. 
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(a) Therefore 


RTIny, = (ART +3BRT)x, – АВКТх) 


and 


RTIny, = (ART —3BRT)x, +4BRTx, 
At x, =x, = 05 
1 1 
тү = 7(A+ B) = 70.2944 +0.0118) = 00766; Үсн, = 10796 


1 1 
пу; =7(4-B) = 702944- 0.0118) = 00706; үд, = 10732 


b) G*=RTx, (1—x,,{A+B(1—-2x,,)} at xa = 05 


























ds ART GS г = 05 АТ 
G^ (xa, = 05) = апа ——— — — Са тан 
R 4 
Thus 
G ох = 05) (at T 2109 К) = 109 x 3090 =8.2731К 
ех = 0. ‚2944 
G^ (xa 05) LT 2112 K) - 112x9 2 -82432К 
ех 2 2804 
ша s 95) (at Т-11574К)-11574х 7 T = 81134 К 
Now replacing differentials with finite differences 
T AT 4 AS 5 AZ 
R R RT RT 
109 8.2731 0.0759 
3 -0.0299 -0.0023 
112 8.2432 0.0736 
2.74 -0.1298 -0.0035 
115.74 8.1134 0.0701 


Next using 





(AG/RT)| _ -AH Белді -Н” -АН, 


эт |, кт or | RP" RT? 
A(G*/RT) = 2 
Thus ВТ ) = AH nix where T = average temperature over 


AT. 
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—0.0023 + —0.0035 
3 374 








= AH „x = -8314x (112 К) 21 l= 888 J/mol 








(c) From 26 =—5 we obtain ВСИ c a . Therefore, 
ать ` ӘТ\ R р R 


S* = -——— = -8314 J/mol Кх 
AT 3 


= 02213 J/mol K 


N 


RA(G* / R) 1 (Боов 7 zem 
3 


Also 


AS mix = -R) x; шх, + S* = -8314 x 2 х(051п0.5)+ 0045 
= 5.984 J/mol К 


7.24 We start with 
2 j Е 
deus Lj- a-f KA -RT пр 
xP ВТ, ЕТ (ӘМ, J py, P 


HL 


Eqn. (7.2-3a) 


1 P RT P P P 
dP =—d( PV) -—dV = —dZ-—dV ---а2----4/ 
и ү 4 y 7 V 


Also, by triple product rule 


e. 02, Ж 
ON, TPN ы ду TN; ЭР ТУ Мы 


28-25) 428) (ғ) 
| ON, P,T,N jsi ON, T,V,N уы ӘР TN; 


So 
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Ж 1 ӘР ду 1[Р Р 
а= —[- — --| ағ-(|-|-а2---ау 
xP RT? (ӘМ уу ӘР}, Р|7 ү 


1 | (27 1 1 


y 7 
2 мау- | —av- | -а2 
V=% Ж AVE r=0 2 
| Z=1 





7.25 





ё ГУ хул, 











GE д Се 
> SSS = ——— 
RT ON,\ RT 


Which is the answer to part b... To obtain the result of part a, we restrict i and j to 
the values 1 and 2, and note that Л, = 1. Thus 

Iny; 2 1- In[x, + xo A,,]- NC EARN 
Хх +12 ХА) X 
but 
хі tvn- __ Лоу 


X, + X242 Xp х>›А12 Xp X215 
so that 


А А 
In y, = -Ш + 12] + № —— 21--- 
Хүж Ар мА Х; 
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7.26 All the calculations for this problem were done using the program VLMU with the 
binary interaction parameter for CO, —nC, equal to 0.13 as given in Table 7.4-1. 


The results are only given in graphical form here. 
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40 ФА 


Ен 
| 
+ 
! 


HE 
m 
acr. 

7720 28 

i 





| i 
2 | 
дог 


X nC, 


2 





НН Е = 
- Ht- Ha 24-4-4-| Be]! 
) : ) : ЕЛ " H " -L— e ! 





f. co, 
ЙА, 
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7.27 
ex _ 
С” = axx (x, - х) 


wax = АМ ММ = №») _ 4 NON; тэн 


2 (М, + №)? (N, +N)? 
ахас“ EE -N2 Ea 
ӘМ, jy rp (Ni + N3)* (М+М, 
= А[2хух› - x -2x7 x + 2х5] 
= Ах[2х, =X, — 2x? + 2x x] = Ax,[2x,(1—x,)—x, +25] 
= Ax,[2x,x, — x; +2x,x,] = Ах хү -11- Ах 4-4х,-1) 
= Ах (3— 4x5) = RTIn y, 
Ə NG” OBRA ЕЕ 
ӘМ, | т. (N, + №)? (м+м)? 


= А: — 251% 22359, + 2хх2) 

= А | -2x,-2xx, +2x3 |= Ax [x, + 2x,(x, —1)-2x,x,] 
= Ax [x - 2x - 2x - Axi [1- 4x] = Ax; [I- A(1—x,)] 
= Ах (-3+4х) = RTIny, 


(This is just a check since by symmetry of original equation 1<>2 gives minus 
sign. Therefore 1 < 2 on lny must give minus sign!) 


Does this expression satisfy the Gibbs-Duhem Equation? 
d шү, x, dlny, ose а шү, +X, diny, —0 


Х 








х 


dx, dx, dx, dx, 
ату 44 х2(-3+4х = 2. 32 +429) 
dx, RT dx, RT dx, 


А 2 
----(-бх +12x 
prt on +12) 
diny, Аа 


ЭЭ 4 d.2(a. _ A а. 2. 3 
dv, RT dx, 29-4 c. dx, 0-4) 


А 
= Gp (Om -12х2) 


Gibbs-Duhem Equation 


A A 
=x] әт (6% - 12x3)+ X arm + 12x) 


А 2 2 
= —]-6x5x, +12005 — бх»ху + 12х{х 
A 25 132 2Х| 1 ;] 


= (123% + 12x37 + Юхо) = Я +х, — 1) 
12А 
= —x7x3(0) = 0 


=> Satisfies Gibbs-Duhem Equation 
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7.28 To check the utility of these models we will use the Gibbs-Duhem equation in the 


form 
5 (228) dsl (RM 20 
i mr DTI = 
Әх, р Әх, yi 


For the model 


Iny; = Ах? = А(1— ху)” 
lny, = Bx; 


Gives 





x emi. ар ОШ: 02:25 As Bos 
Ox, ть Әх Jrp 


= 2x,x,(B- A)=0 


The only way this equation can be satisfied is if A= В; if not the Gibbs-Duhem 
equation is violated. 


For the model Iny, = 4x5 ; ШҮ, = Ах 
[эт Еа =x pn Al- x (7D +x, an Ахт! =0 
Ox, Jrp Ox, Jr p 


= nAxx;[227 + х -0 


The only way the Gibbs-Duhem equation can be satisfied for ай values of x, and 


x, (with x, +x, =1)isif n = 2 in which case the term in brackets is always zero. 


For the model Iny, = 4x5 ; Iny, = Вх’. We һауе 


х, 9Iny, tX, olny, = хп: AL — ху) (71) хп. Bx! =0 
Ox, Jp p Эм т> 


= пхухә[-Аху * + Bx} | -0 


For this equation to be satisfied, the term in the brackets must be zero. This can 
only bein n 22 and 4-8. 
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7.29 We will write the Flory-Huggins expression as 


or Хахт 
= = (x + mx ee 
RT E ХО > фф» ху ай, 
Се 
= М, mê +N Dx with ġ 2 1 ф = — 2 


: ---- 
ҮН sun X “тх, xi t mx, 


NG"| — XN Num 
RT ОМ, +mN, 
G^ B E m XN Nom _ 
z res = Ni+mN, (№, +тм, 
Similarly 








хф. — Фф.) = Х9:(1-ф/)- ХФ 








д [G"| | Жт _ ХММт _ _ | 
9 NM $ М, + mN, № + тМ, xm, Фф%;) xm, 








c =N, n+ N, m? 

RT comb Ч 

аа UE NAE In 9. 50:22 s 
ЭМ, АТ comb Xi әм. X, Ә № Хэ 


Ф- 1 _ N 
xX  м+тх N +mN, 








and 
д Фф, N,+mN, 1 N ті 
———]n—— = — Ен 2 Қ 5 179, 
ON, х, N No*mN, (N,+mN,) P X 
SPD ERE [TN 
X,  Хүжтх, N,+mN, 
ELS E E К, 9 ag 
ON, x, | Nm Мү-тМ, ON, х m 
Therefore 
E Ш o Се " o се 
ШЕРТТІ КТ) ЭМ, RTL. 
=. ы өч (а, EL 
1 
du & -®++ф% = n Sore (1 eoi 


х 1 


Also 
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ой = 2 Ed 
ON RT| J ӘМ, X, Xj 














ce uH 9 Pi POAR 
X; p ӘМ, x, ф, ОМ, x, 
xı -тф | Хэ-02 


шү, = ш? +(х, — тф,)+ (x, =ф,) + хф? 
2 


= п 92.19, — mo, + хф? = тд, + X; 
Хэ X5 

- In 22 (пф 
X2 


7.30 (also available as a Mathcad worksheet) 


7.30 
1:=0,1..10 х:=0.141 


ics 2 
fma, =x ep] 1.06-(1- x) |1126 


fm := (1- x) ex| 106 (x) оз? 


fm = 





Hma := 1.126-exp( 1.06) Hma = 3.25 
Hm := 0.847 -exp (1.06) Hm = 2.445 
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1.126, 





E 


0.5 


0 0.2 0.4 0.6 0.3 1 
29 


7.31 Show Aros (P э =) = d ашы Бар 


start а 





> 4, - Ab... = -[Рау 


(V. — œ is convenient since we have ideal gas and ideal gas mixtures) 


P-R 
RT a 
Р =—— < pure component 
V-b V(V«b)*b( b) 
V V 
= АТ F а 
Ay - Ap 7 АЙ 
IV -=b VV +b)+bV -b) 
= - кты — ө-\е]+[ 2 


сас = 
-2by -Ь? 


Need to integrate 





From Problem 4.2 we have that 
y 


А 1 "m 1 j у +(1—-/2)Ь 
єє — 2b |v+(1+42)b 


| | (20-42) 
=> Aly -Ayo = -81| n(V — 5)- noo] +—— Gs (+ 
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So for pure component: 





ees} 


Ик + Вы (1 2) 


Aj, — 4), = ВТУ b.) - Inco} 0а 
4|, - 4|, ... Wai и ha) Insee b... е) +6, =(1+ 2) 


4}, - Aly... = - RT(In(V - Б,)- по} + RT 


By exact analogy for mixture 


Now when V — œ get ideal gas or ideal gas mixture: 

Al, - A[^ = -RT(n(/ — b) - Ines] - —— (Em 

503 2b (Y b(1- 42) 
Ay - AI" = АТ (У mix Ad Inco} 
aes. L mix + Puis = V2) 2 

and by definition 4^ = 4— ay ае, A= 20 +A) so; һауе А- АМ so 
д = (4ем М + АТМ апа 
ADV = Y x, AIS + RTY хах; АМ = x; Aj RTY x; lnx; 
А® = A- AP - Y x, 4; - RT) x Inxi Ух,4,9- АТУ x Inx; 
AX = (45416) (4549) 


this is why we found АА for pure component 


V 
So putting in results for 4|, — 4|. = -| PdV for pure i and mixture. 


А = - RT[In(V. ! ‚зр 

рт c ШЫ Brix) 7 Тэс. V nix ++ 2) 

desi -8(1- | 
V,+b(1+ V2) 


oo 


| 





-alperne -b)+ RTIne]« — 205 


Need to collect some terms. 
ae 23 =) - Inco - ) х [In(V; - b) -1n 4 
mx (| -1 ыы 42) -Yx а; fal А y, +b (1- №) 
“25, bus (1 2) 2405, (у, и, +в (+2) 


Now let P — œ which i is the same as V, >В and V nix > Рых 


ЇЕ. E 


= —R [їп (Бы — bmix ) In ay, [In (b; —5;) —In оо] 


77 (nro ME NU 
24 2b mix (2+ ~) т | 242, (2 + 42) 


Now and cancel 1n0-) x In02 0 


mix 
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Chapter 7 
and and cancel -1п%+ ) x Inco 20. ie, -о9--3-о-0 
So 
P" 1 аша 292) Yo ta 228 
= X 
SER TOD he D Мэ, (2447 
2-8 1 | их ш 
2445 ) 2-2 
Ae = a -Yx : 
Po b ix 
шше 272. | 1. = -0.6232 = С” for P- R 
where Or 
2442242 — 
Now for van der Waals = same process though solution is briefer. 
OA V RT 
-P=— ->4|,- А --|--- "su ad 
84 э ay Aes Ear t 
Pure component 
4-4“ =-RT n(Y,- в) + ВТ 
and for the mixture 
IGM a 
А-А — --RTIn(V,, — by) RT шо - М 
4-4 (Им м) y. 
and A* = A- АМ = (4- 4%) = Уха, - 459) < same as above 
Га 
Putting in results for 4], – 4|. = -Í PdV for pure i and for the mixture. 
ex a 
A7 = - КТЩ. м ш а 
c ЕШ -5,)- ЕТітеД- al 
=-ЕТ[ЩУ yy -bu)+ ух, In(,- b) +1 Ух] T+ x = 
“м Li 


Take limit P> œ, V, >b; Vu ә by. 


First 4 terms cancel! 
ex E ам a; 
Ауру == E = Y X al 
Pro M 1 


7.32 Starting from 
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or 


= DRT and b, =“ 
С DRT 








а 
са. ме Du obtain 





ам _а а 
M .——M.—-( 0 that u -o 2 


DRT RT tp 
and 

a D Q 
М RT 9 095% 9 1- D 


7.33 Equation (7.10-11) is easily derived, is generic, and applies to any mixing rule. 
This will be used as the starting point. With the Wong-Sandler mixing rule 
Note that derivatives must be taken with respect to mole numbers. 


Therefore 


а.. 
О = УУ Дь =] needs to be in the form of 
i j 


20 = 228 
wo- ppum) 


Similarly 

D= х= +2 ———— needs to be іп the form of 
БКТ СВТ 

Мр = T а; NS 


‘BRT CRT 
From this starting point, eqns. (7.10 - 12 and 13) are easily derived. 


7.34 Starting from eqn. (7.2-13) 


ms V=ZRT/P 
15 АТ ӘР 
jp жаз | Е М | dV —1nZ 
Xk P RT V=% V ON, ТУМ ы 





The Soave-Redlich-K wong equation of state is 
RT a(T) NRT . N?«(T) 
Тув V(V-b V-Nb VV+Nb) 
with 


Nb -Y Nb and N'a-Y' Y N;N a; 
i ij 


Now taking the derivative, we obtain 
2) xa, 
(ӘР aro nm, 0а ab, 
9М,) ун, -b (Q-b VU +b) VV +b) 





2) xa; 
RT (a ЭР | _RT RT RTh ; aby, 
TV .N 


у lan, VK V-b (-b? VU+H) УФУ 


к 
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and then 
> V=ZRTIP 
КЕЛ E d JOD y ӘР dV —1nZ 
x,P RT V ON, TY Nj 
2У xa; 
ZRT!P RTb, - ab, ZRTI P 
Rd nu — wb ee er cng PNT Ез адаш a oe 
1 ZRTIP-b ZRTIP-b b b ZRT/P +b т? 
=== —1п 
ЕТ 
ab, 


С KZRT!P + b) 


Now using B=Pb/RT and A = Pa/(RT)? we obtain 





= 2) зүйд 
NU) MER 2 B А (22222229 m 4 № quz 
x,P Z-B Z-B B A B 2-8 BZ+B 
However, the Soave-Redlich-K wong equation of state can be rewritten as 
follows 
MT NN. у 
V-b VUV +b) 
PV , Г a _ 7 А 
RT '" V-b RIV+b) 2-В Z+B 
В А 
Z-12———- 
2-8 Z+B 


Using this expression in the 24 and 4"! terms on the right-hand side of the 
fugacity expression yields the desired result 


- 2) x: Ag 
нээ NR E m B 2 24 G B 14:2:2-- 
x,P Z-B B A B Z+B 





+ Bız —1) 
В 
Note that in this derivation, we have used the following 
dx 1 ( х | 
| = — 10 
x(x-b) b \x+b 
dx 1 х 1 
! ЕО zz БЕРЕСІН БЕЯ 
x(x4 Б) b x+b) b(x-b) 


dx 
lom = In(x —b) 








7.35 See Mathcad worksheet. 
a and b) See Mathcad file 7-35.MCD and figures contained there 


с) Clearly 
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Ax, RT тх 





(x, + тх) 2 2 


Н°* = yRT(x, + mx = — 2 
xRT(x, > ^» Пе) 








2 Ахух\Ёт 
Е м + mx, 
G^ Ф Oy Ах; 
—— =x, In—+x, яа х + тх 
RT 1 = Т —=( 1 > Фф» 
Е + mx; )ф,ф, 
ƏN G” $i 1 QUOTES SUM 
lny; = =In—+ | 1—-— ф, +| AA 
RT ON, Т,Р,М» XI m ON, 
Т,Р,М, 
9 №2 (х + mx ФФ 
Т 1 адын _A 9 Nx4(x, + mx )xymx, E 9 | № М т М> | 
oN, T ON, (x, +mx Y T Эм, | (№, + тА, (№, + М.) 
T,P,N, 
_ 4 N,mN, Е № №т№, Е N,N,mN, 
T| (М +тм, М, + №) (Ni mN5) (N; + №) (М+тм,)( М + її)” 
А Ax Ax 
= 712% - X22, -Хүх2ф» ]= Z5 e, -х]= шэн -x] 


ys „®.+(1- 1, +f, - x] 


(хз, F "эр, 





Iny, = E | = ney (1- т)ф, + 
КТ Т,Р,М 








дм, Х2 дм, 
NY 
T,P,N, 
Ax, 
X T (xı mx). 24 9 | № (х *tmx)xmx | A 9 № Мут 
ON, T ON, (x, + тх)? Т ƏN, | (№, + тА, (м, + №,) 
T,P,N, 
E | 2NymN, 7 №2 № т? Ё № Мут | 
T (М +тм№ (М + №) (N, +тм,) (М + М.) (тА) +) 
Axı Axx 
= Apne - хф = хф] = 7 D- 6 -»]= 7 Hio x] 


In y; шэн +(1-т)ф, + 222 Suns — [6 + х] 


d) and e) He figures in Mathcad worksheet 7-35.mcd. 
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7.35 
11,2. 1999 
x, :=0.0005-i 
VPS ;= 1000 УТ;=1 TE VPS 2298 1120.6 
Vi 
x VI 
phil =— ——— phiPS ;=1— phil 
! x VI 4 (1 - x). VPS i i 
vI eff: E -] phiPS, y (phis) 1 : 
йг m _ УРУ ех [(1— m phil, ex (г! ]7] 


x, VI e (1 - x) VPS rS x Vre[i- x) vis 


Graph of activity coefficients versus mole fraction Graph of activity coefficients versus volume fraction of 
toluene. 


yt; 


Ys 





0 05 1 

қ o оз 1 

Graph of activity coefficients versus log о the volume pir, 
fracbon of toluene 


Үг, 
i= 194 
PS 


(9 x) 
МТ. = : 


Кє tg, + 90000 (1 - х) 
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Graph of activity coefficients versus weight Graph of activity coefficients versus log of the weight 
fraction of toluene. fraction of toluene. 
i 
1 
ҮІ; 
“--->Х43 Y 
е сэ БУР 
----. ғ 
? 0 05 i ° = 
мт, -8 -6 ? о 


Тһе һеа! о! mixing is computed as follows: 
| 500-.8.314-m- x [1— x 5 | 
H, А 1 Зам х, ( x) 


х+тй -х) 


4000 


4000 


H, мию 


H; 2000 


i piel, 


4000 


H; 2000 


wir. 
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With new axticity coefficient model 


4 vI «| = +} phiPS, [50-3 Rana, [X STA 3 


298.15 


И, " х, УТ + ( - x) УР8 


used 1 - m)phiT, „А $00 [1 x) phiPS ] {уыт + 3 


298.15 
1 5 = Cp г m 
! x VI ( m x) VPS 


3raph of activity coefficients versus mole fraction Graph of activity coefficients versus volume fraction of 
toluene 





Graph of activity coefficients versus log of the volume 
fraction of toluene 


| would say this is not physically 





vy correct behavior! 
5 
Graph of activity coefficients versus weight Graph of activity coefficients versus log of the weight 
fraction of toluene. fraction of toluene. 
Y 
LM м 
PS Y 
ur m 





boa] мт.) 
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8.1-1 p = 12 = x, D"Py , = y,P , since the pressure is low enough that fugacity coefficient corrections 
will be small. 
(a) For the ideal solution, ү, = 1 for all species; 1= EB, 2-2 nH ; у = xPP . Thus, 


y, = 0.4723 x 07569/0.4537 = 07879 


апа 


y, = 05277 x 0.0773/0.4537 = 0.0899; 


у y; =08778 which indicates that the ideal solution assumption is invalid! 


(b) Regular solution behavior: 


V =75cm? V, 2148 cm? 
5) = 8.9(cal/cc)'!? бу = 7.4(саусс). 


$i = V/V, + 50) = 04723х75/(0А723 х75+ 05277 х 148) = 0312 
ф, = 0688 


lny; = =0133; ү, = 1142. Similarly Y, =1055. Therefore, 


y,71142x07879 = 08998; у, = 1.055 x 0.0899 = 00948; and Уу -09946 which is much 


closer to unity. 
(c) UNIFAC: using the program UNIFAC we have y,=1173 and ү, =1118; 


=> y, = 1173 x 07879 = 09242; y, = 1118 х 00899 = 01005 ; У» = 10247 which is too high. 


V $ [9 = 5,1 
ЕТ 


(d) First the expression Ү; = yP |x P" and the given vapor-liquid equilibrium data will be used 


— 


to compute the species activity coefficients in the given solution: 


_ 08152х 03197 


7 0.2843х 07569 
Using eqns. (7.5-10) we obtain В = 03055 and œ= 0.6747. Thus, using the van Laar eqn. 


1 =1.211; similarly, ү, =1.069 


06747 0.3055 


Iny, = ——— — — and Iny, = 
! |1422085х//х | 5 [1+04528х»/х|] 


at x, 20.4723, y, = 1079 , у, = 144, so that y, = 08504, y, =0.1029 and Уу -0953. 


Since none of the models yields у = 10, none of the solution models is completely correct. 
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Since the regular solution model comes closest to meeting this criteria, it presumably leads to 
the best predictions—however, this is merely a hypothesis. 


The van Laar equation will be used to fit the data given. Starting from 


1-5 Н,О 


Ti T В“ 
2 = FURF 


we obtain, at 10 mole 90 water, ү, = 5.826 and y, -1266. Using eqn. (7.5-10) we get 
œ= 85648 and В = 07901. Thus, 


8.5648 0.7901 


ny = Iny = Е 22 2-52 
5 (1108413, / у 5 (14800922 м. /х, 


which we will assume is valid at all temperatures. 

At the new temperature we have ху, B"? = y,P or хүү x10352 = y, х1013 and 
X4y54X01193- y, X 1.013 which must be solved together with the activity coefficient expressions 
above, and the criteria that x, +x, —1 and у + у, = 1. Solution procedure I used was to guess а 
value of хі, compute x, from x, = 1— ху, compute y, and у, from the expression above, у, 
from у= xy, PY? /P for і= 1 and 2, and then check to see if у y; = 1. Proceeding this way, 


the following results were obtained 


calculated measured 


x 0075 0.20 
x, 0925 080 
y, 0867 089 
y, 0129 011 


Моге у у, = 0.996 which is not quite equal to 1. The discrepancy between the calculated апа 


experimental results indicates the dangers of using approximate solution models. 


The desired result may be proved a number of different ways. 
Simplest proof: We have show that at an azeotropic point (2) =0 using the triple product rule 
Х| T 


in the form 
шы 
Ox, Jp OP), OT Jp 
yields 
кыш шы 
Ox, T Ox Р oT xi 


vap 
Since there is no reason to believe (=) =0 fin fact, (=) = ы" 
X1 


Х1 
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We then have (=) =0 
X1 P 


Alternate proof: P = xy, E"? +х;ү P," = RT/V for an ideal gas phase. Thus 


oT y уа уар| Oln dln B"? a 
(=) EIL P+ my F Tr UP us 4 
Р 


Ox, 9х Ox 
vap 
АЕ Ina + шин пв | |- 0 
ax, ox, Jp 
Now: 
vap 
i) =" -0 Since the pure component vapor pressure does not depend оп the mixture 
Х| Р 


composition at fixed P and T since (=) =0 
ху /р 


ii) Gibbs-Duhem eqn. is 


Н or -y?* 9n tX olny, + № д шү, =0 
T \9х} Ox, jp Ox, Jp Ox, Jp 


0 0 


= ya “nt + 42 ны | | =0 
Р 


Х| 








ог y B° -ү,Р Р. From here on it is the same argument as in the text. 


Alternative to proof above: start with P= xy, B? +хуу РУ? 


oH д1 dln RP 
(2) =0= ҮА" + хүү! ШЕРІ + |202", lx RY 
Хү /р Xi Jp X Jp 


діпү din Ру“? 
+хдү 3 (nu | | 
шил. дх, т Ox, A 


Now using an argument similar to (i) above, and also using (ii), gives y P =y, РУР 


8.1-4 In general, we have ху, P"? = y,P and У xy, 8"? = P. Also, from the experimental data, we 


know РУР = 02321 bar and Ру“? = 0.2939 bar. 
| 9 " хет х 02321 
(a) Ideal solution: x P"P-yP ала У хр, Р-Р, Thus урт = с апа 
P = хьух02321+ x, = 02939 ог Р-02321-00617х-.. Consequently x-y апа Р-х 


diagrams are given on following page. 
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(b) Regular solution model: 
5 И; 
ethanol 125 584 


benzene 9.2 890 


Ethanol solubility parameters at 25C was computed using АНут =9674 cal/mol 
1р 
AU? = АН -RT and бет = (AUEP/L En)" 


2 y КЕ & 2 
Thus ІпУвт- Mefar 1.005904 and Iny = 1532942... These activity coefficient 


expressions are used with the general equations above to obtain the solution. The results are 
given below. 
(c) The program UNIFAC was used to obtain the predictions shown in the figures below. 


(d) First we evaluate the activity coefficients at the given data point using ү, = у,Р/ x to 
obtain үрт = 12244 and Үр = 20166. Next using eqns. (7.5-10) we obtain œ= 20271 and 
B= 1.4993. {This is to be compared with О/-195 and [3=116 in Table 7.5-1]. Thus we 
obtain 
Е 2.0271 

= хор %13520х-т/(1- хе] | 
апа 

— 14993 | 

8 [1+0.7396(1 — хь1)/хь] 
Using these expressions in the general equations we obtain the results plotted below. 
£y$7 





00 = ЕкР'- Dara. 
MA FAC 


- =? 
=- ын” 


еа Га 





© ғ ғур. РАТИ 


Yer 


o юм -8 zo к 1 i ^. o 
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8.1-5 (a) Using the vapor pressure data (Plotting № Р“? vs 1/7), I find that at T=105.4°C, 


ЕС =0.6665 bar and P = 08793 bar. Thus Улс = (1013/0.6665) = 1520 апа 
Үт = 1013/08793 = 1152 at the azeotropic composition of ху = 0.627. Next, using eqns. (7.5- 
10) and treating toluene as species 1, I find œ= 1075 and B= 1.029. Thus, 


1075 1029 
зүг = —— — —z; and ШУдс = 


[ +1045 2r [ 40.957 ас | 


These expressions have been used to obtain the results plotted below. 
(b fi =f" -xy,B"?-yP. Thus у, = xy, PY? [P and Уу =1. Procedure I used was, for 
each value of хт, to 


i) Guess ап equilibrium temperature Т 
ii) Compute y, and у, с, and check to see if Уу -1 


ii) If not, guess a new value of Тапа repeat the calculation 
A simpler procedure is to use Mathcad or another computer algebra program 


Results Experiment van Laar Ideal 
Xq 025 0.50 075 025 0.50 0.75 0.25 0.50 0.75 
Ут 043 057 0.69 043 057 0.70 030 0.56 0.80 


TCC) 104.5 100.8 100.6 107.5 105.8 105.8 116.5 114 111 


Ideal solution results were obtained in a similar matter, except that all activity coefficients were 
set equal to unity. 


1:20, 1.. 20 x :=0.05-1 


Write van Laar model this way to avoid division by zero. 





1075. (1- x) 1.029 (x) 
gamt(i) :=ехр то gamac(i) :=ехр е => 
[(1 ы х) + 1045-х] [x+ 0.957-(1 = x)] 
1.5 
= ger) || 
pum ‘in( gamac (i)) 
0.5 
sia | ш... 
| 0 0.5 1 0 


Section 8.1 
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‚ Ех gamt (i):0.8793 + (1— x) -gamac( i)-0.6665 y Еж damit 22 
P. 
1 
Pid, = x 0.8793 + (1 = х) -0.6665 "m 
yid; i2x— — 
Pid. 
1 
У; Р, 1 
0.5 - 
yid Pid. 
2 — os 
8 06 
0 ыг 1 0 0.5 1 
х 


X. 
1 


8.1-6 (a) We start with eqn. (6.2-12b): Y xdG +SdT—VdP=0. And note that at constant temperature 


5АТ = 0 and 
dG, = RTdln f, = RTdW(xy; f (TP). 


so that 
ЁТ) xd nx + RT) xd Iny ; + КТУ x;dln f; -ГаР=0 
However, for the pure fluid fugacity, we have, from eqn. (7.2-8a) 


ВТА f, =dG, =V dP 


Thus 
ктУ xd nx, + RT) xd Iny; +(} xV, -VaP =0 


Also 


Y) -E-Yx-Nx.- Ya 
=-V* = КТУ xd In(xiy;)- V^dP = 0 


Now assuming 
i) Ideal gas-phase behavior: xy,P"? = y P or xy, = y, P] Р and 
ii) That РИ / RT ««1 we obtain 


У xd шоу) = У xd (Р/В) = d InP 


or 


Y хату + Y xd In P -Y хав" = (PV /RT)d1n P 
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Now noting that У ха InP“? =0, since P"? is a function of temperature only and 


ex 


Уха P=dlnP(} х)-ашР, yields Y x,d Iny, 12 гарыг ог 








21 ду +2249, (2-2) = = = у шР=-ЧшР 


^ У ^ У 
Since yty, =l, dy, = —dy,. Also »=l-y, and x =l- х, 
x (-х) _ x(-»)-»ü-x). Xp 7X1 38 
л l- ni-y) у(1- ») 


(у= х) dy  dinP 


у(1- yı) dx dx, 
To obtain the x — y diagram, I used the equation above in a finite difference form. Using 


the argument i to denote the ith data point, the equation above becomes 


Vi = x6) 
yi GL — xÀ) 


y,@) is unknown, however, Р(4), P(i —1), x,@ are known. Also y,(l) is either 0 or 1 


DO- x6 - 0] 2 1n PG) - In PG — 1) 


depending on which end of the data one starts with. In fact, I started at both ends, in two 
separate calculations, to check the results. I solved this problem using the equation above 


rewritten as 
В +В? —4С 


у) = 2 
where 
gs x+ y4(G — 1) - Aln P acne х(дус--Ы 
1-АШР 1+АШР 


and averaged the results from starting at the x, =O and x, = 1 ends. 


Once x, and у, were known, the activity coefficients were calculated from 


у, = y,P/x, PY? and y, = У,Р| х, P? . Results are given below. 


b. CCI, + n-Heptane System 
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с. Ethylene bromide + 1-nitropentane System 


Lo 20 


24 1.9 


2-6 he 
y 
ЁР 2 Azeotrope 
0-4 ny 
ет exprmntl 
6.2 x-y data 23 
о /-о 





8.1-7 А simpler solution using Mathcad is available as а Mathcad worksheet. 
(a) Atthe bubble point we have 


y =x P/P where P=5 bar 


Xgr = 005; xp 20.10, xy, = 040 and ху, = 045. Procedure used was 

i) Guess T, 

ii) Compute each y,, and the sum Уу . If Уу =1, guessed Т is correct; if Уу »1, 
guessed Tis too high; if Уу « 1, guessed Т is too low. If Уу #1, we correct Т and 
recalculate. Solution: T = 293.66 К (bubble point) y,,=04167, ур = 01730, 
Yng = 01601 апа уур = 0.2502. 


(b) The dew point calculation is similar. Here, урт = 005, yp = 010, уу, = 040 and yy, = 045. 


хи 


Р=5 bar, and T and the x,'s are the unknowns. Thus, here we guess the dew point 
temperature, compute each of ће х, 5 from x, = Py, / P" and evaluate MES . If У х, =1, the 
guessed temperature is the dew point temperature; if 5 >l, guessed T is too low; if 
У х, «1, guessed Т 18 too high. Solution (obtained using the computer) Т= 31423 К (dew 
point) Хит = 0.0039, x, = 00337, ху, = 05215 and хур = 04409 . 


(c) The advantage of the Mathcad worksheet for the isothermal flash calculation is that one can use 
the initial flash equations directly, rather than having to make the substitutions below. 


For the isothermal flash vaporization calculation, we proceed as in Illustration 8.1-3. First, we 
calculate the K factors, i.e. 
_ 10+ (—817.08/303.15+4402229) 


Крт = 5 = 10185, 
and, similarly Кр = 2238, Кв = 0546 and Кур = 0743. Thus, the equations to be solved 
are: 
Xpp + Хр+ Хув + Хур = 1 (9 
Yer Ур + Умв + Умр = 1 > 10185xg4 + 2238хь +0546 ху + 0.743 2p = 1 (2) 
Also, 
See bl — Кът) + Ker] = 0.05 2 x_7(10185 -9.185 L) = 0.05 (3) 


and, similarly 
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Xp(2238 — 1.238L)= 010 (4) 
Xnp (0546 + 0454 L) =0.40 (5) 
Xyp (0.743 + 0.257 L) = 0.45 (5) 


Solution procedure I used was to guess L, compute the х, 8 from eqns. (3 to 6), and then 


ascertain whether eqns. (1) and (2) were satisfied. After a number of iterations, I obtained the 
following solution: 


L-086667 | V-013333 
Xpr = 00225 уь = 0.2289 
хь =00858 уь=01921 
хув = 04258 — yyg = 02326 
xmp = 04659 уур = 0.3464 


Ух=1000 Уу = 1000 


(d) For an adiabatic flush vaporization, shown below, the energy balance must also be satisfied 


liquid 
ша „7 


^ 
; уарог 


eem pressure reducing valve or device 


This is a (two-phase) Joule-Thomson expansion, so that the energy balance yields Н, =H 


—out › 


or 


[x HE рх) = Цу, x Hi. Pa| + 


utlet liquid conditions 
2-0 
V|} »Н!(Т,Р, у) 
— outlet vapor conditi ons 


inlet conditions 


This equation must be satisfied, together with the mass balances and phase equilibrium 
equations of part c. Thus, we have one new unknown here, the outlet temperature, and an 
additional equation from which to find that unknown. 


8.1-8 (a) Starting from xy, P"? = у P, we obtain y; = yP x, P"? , and using the data in the problem 
statement, we can compute each 'ү,, and then Ш(ү,/ү,) and G"/RT =x; Iny, +x, шүд. 
These results, together with [G^ /RT |> A and Из inverse аге tabulated on the following page. 
Also, there is a plot of Ш(үү/ү,) vs. хд. This plot indicates that the data appears to be 
thermodynamically consistent (1.e. уь А)АХА = 0), though the points at the composition 
extremes (x, = 0021 and x, = 0953 ) look suspect 


See Problem 7.22 the plots of [a*/RT|/xpx, and xpx,/[G"/RT] appear on the following 


page. The fact that neither is linear indicates that neither the two-constant Margules, nor the van 
Laar equation will accurately fit the data. Hence, one will have to use at least a 3-constant 
Redlich-Kister expansion for the Gibbs free energy to obtain a good fit of the experimental data 
for this system! 


(b 


хи 
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X4 
0.021 
0.061 
0.134 
0.210 
0.292 
0405 
0.503 
0.611 
0.728 
0.869 
0953 


Хр 
0979 
0939 
0866 
0.790 
0.708 
0.595 
0497 
0.389 
0.272 
0.131 
0.047 


Y» Ул nf 2 
Ya 

33407 13140 09331 
36497 10643 12323 
3.1326 1.1142 1.0337 
25617 11700 0.7837 
2.2196 1.2187 05995 
18190 13475 0.3000 
15132 15582 —00293 
13299 18214 -03145 
1.1689 23716 -07075 
10542 3.1505 —10948 
10191 45509 -14964 


би, 7? 
+ Жа 


» = points 


Colcviared 
above 


G^ 
RT 
0.2927 


01367 
0.2467 
0.3216 
0.3729 
0.4198 
0.4288 
0.4074 
03485 
01962 
0.0893 








G^ 
КТх,хь 
14.237 


2.3866 
2.1259 
19385 
18037 
17421 
17153 
17141 
1.7600 
1.7235 
1.9937 





X Xp RT 
С^ 
0.0702 
04190 
04704 
05159 
05544 
05740 
05830 
05834 
05682 
05802 
05016 
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Xp 


The next step is to fit parameters in the Gibbs free energy models to the experimental data. I 
have done this assuming small errors in all the variables (7, P, x and y) and using the maximum 
likelihood method. The results of the different models are given below: 

Wilson model A^}, = 34782 А. -107523 


Peas Реас Tmeas Teale X ,meas Х1,сас Уі,теав V Lcalc 

(hPa) (hPa) CC) CC) 
1013.00 1008.46 49.15 49.17 0210 ‚0317 ‚1080 .2353 
1013.00 1012.01 45.76 45.76 0610 ‚0556 - 3070 .3404 
1013.00 1012.35 39.58 39.58 .1340 .1273 .4750 .5048 
1013.00 1012.89 36.67 36.67 .2100 .1942 .5500 .5761 
1013.00 1012.21 34.35 34.35 .2920 .2958 .6140 .6330 
1013.00 1008.83 32.85 32.87 .4050 .4290 .6640 .6731 
1013.00 1024.86 33.35 33.31 .5030 .4291 .6780 .6725 
1013.00 1007.84 31.97 31.99 .6110 .6224 .7110 ‚7128 
1013.00 1011.79 31.93 31.93 .7280 .7287 .7390 .7380 
1013.00 1010.94 32.27 32.28 .8690 .8640 .8100 .7957 
1013.00 1012.31 33.89 33.89 .9530 .9554 .9060 .8933 


1013 hPa = 1013 bar = 1013x 107Ра 
The sum of squares of weighted residuals for this model is 1298, the mean deviation їп y, is 


2.55%, and in P is 0.29% 
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Peas 
(hPa) 
1013.00 
1013.00 
1013.00 
1013.00 
1013.00 
1013.00 
1013.00 
1013.00 
1013.00 
1013.00 
1013.00 


P meas 
(hPa) 
1013.00 
1013.00 
1013.00 
1013.00 
1013.00 
1013.00 
1013.00 
1013.00 
1013.00 
1013.00 
1013.00 


P meas 
(hPa) 
1013.00 
1013.00 
1013.00 
1013.00 
1013.00 
1013.00 
1013.00 
1013.00 
1013.00 
1013.00 
1013.00 


МЕТІ. model qT, = 777.95 т, =43253 


Реас Tmeas Teale X 1,meas Х1,сас Уі,теав Уі,егіс 

(ҺРа) CC) CO) 
1008.14 49.15 49.17 .0210 .0379 .1080 .2400 
1011.69 45.76 45.76 0610 ‚0650 ‚3070 3469 
1011.87 39.58 39.58 .1340 .1399 4750 5131 
1012.35 36.67 36.67 2100 2034 .5500 .5843 
1012.18 34.35 34.35 .2920 .2939 ‚6140 ‚6403 
1010.35 32.85 32.86 - 4050 4186 ‚6640 ‚6793 
1025.99 33.35 33.30 5030 4173 ‚6780 ‚6784 
1007.37 31.97 31.99 6110 ‚6208 7110 ‚7131 
1010.33 31.93 31.94 7280 ‚7296 7390 ‚7348 
1009.50 32.27 32.26 8690 8581 8100 ‚7896 
1011.83 33.89 33.89 9530 ‚9505 9060 ‚8890 


Sum of squares of weighted residuals =1547 
Mean deviation in y, is 3.00%; іп P= 0.34% 


UNIQUAC Model The parameters are tj? = 572.61 and Qı = —72.84 
Mean deviation in y, is 3.0790; in P is 0.34% 


Реас Tmeas Teale X 1,meas X calc Уі, теав Уі,егіс 
(ҺРа) CC) CO) 
1008.12 49.15 49.17 .0210 .0381 .1080 .2402 
1011.66 45.76 45.76 0610 ‚0655 ‚3070 3474 
1011.82 39.58 39.58 -1340 ‚1412 4750 5141 


1012.26 36.67 36.67 2100 22048 5500 5855 
1012.10 34.35 34.35 2920 2946 ‚6140 ‚6417 
1010.40 32.85 32.86 4050 4180 ‚6640 ‚6807 
1026.29 33.35 33.30 .5030 4177 ‚6780 ‚6800 
1007.25 31-97 31.99 6110 ‚6206 7110 .7139 
1010.16 31.93 31.94 7280 ‚7295 7390 ‚7351 
1009.43 32:21 32.28 .8690 .8579 .8100 .7895 
1011.80 33.89 33.89 .9530 .9503 .9060 .8888 


уап Laar model w= 15032 В = 18534 
Mean % Р= 0.34; у= 318% sum of squares of wt. residuals = 1625 


Реас Teas Teale X 1,meas Х1,сас Уі, теав Уі,егіс 

(ҺРа) CO) CC) 
1008.13 49.15 49.17 .0210 .0380 .1080 .2403 
1011.66 45.76 45.76 0610 ‚0656 ‚3070 3478 
1011.78 39.58 39.58 .1340 .1419 .4750 .5154 
1012.19 36.67 36.67 .2100 .2057 .5500 .5874 
1012.06 34.35 34.35 .2920 ‚2947 ‚6140 ‚6441 
1010.66 32.85 32.86 4050 4164 ‚6640 ‚6837 
1025.98 33.35 33.30 5030 4121 ‚6780 ‚6822 
1007.14 31.97 31.99 6110 ‚6202 7110 ‚7162 
1009.92 31.93 31.94 ‚7280 ‚7293 7390 ‚7362 
1009.57 32.27 32.28 8690 8585 .8100 7897 
1011.89 33.89 33.89 .9530 .9512 9060 ‚8894 
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2-Constant Margules Model 
Mean 96 deviation in P=0.33% and in у = 290%, and sum of squares of weighted residuals = 1401 


Prreas 
(hPa) 
1013.00 
1013.00 
1013.00 
1013.00 
1013.00 
1013.00 
1013.00 
1013.00 
1013.00 
1013.00 
1013.00 


Peale 
(hPa) 
1008.60 
1012.14 
1012.66 
1013.56 
1013.81 
1004.67 
1023.95 
1005.18 
1014.78 
1013.07 
1012.36 


T meas 
CO 
49.15 
45.76 
39.58 
36.67 
34.35 
32.85 
33:35 
31.97 
31.93 
32.27 
33.89 


A= 1.7737 


T, calc 
CO 
49.17 
45.76 
39.58 
36.67 
34.35 
32.88 
33.31 
32.00 
31.92 
32.27 
33.89 


Х1,теаз 


.0210 
.0610 
.1340 
.2100 
.2920 
.4050 
.5030 
.6110 
.7280 
.8690 
.9530 


В = 19259 


x 1,саїс 


‚0287 
‚0502 
‚1135 
1731 
.2764 
.4396 
.4598 
.6465 
7317 
.8863 
.9578 


У meas 


.1080 
.3070 
4750 
5500 
.6140 
.6640 
.6780 
7110 
.7390 
.8100 
.9060 


y 1,саїс 


2337 
.3382 
55022 
.5736 
.6314 
.6653 
.6670 
.6899 
‚7082 
‚7932 
‚8926 
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So, of the models considered here, the Wilson model provides the best description (of the two- 
constant models) for this data set. 


8.1-9 Using the program UNIFAC taking Т and x, as known, and computing Үр, Y, and Р as well as 


yp We obtain 


Xp 
0021 
0.061 
0134 
0.210 
0.292 
0405 
0.503 
0611 
0.728 
0.869 
0.953 


TCC) 
49.15 
45.16 
3958 
3667 
3435 
3285 
3335 
3197 
3193 
3227 
3389 


үг 
41390 
37515 
31680 
26687 
22487 
18162 
15416 
13247 
11592 
10388 
10053 


calc 


Ул 
1006 
10053 
10258 
1.0649 
1.1302 
1.2697 
14540 
17663 
23176 
35893 
4.9909 


pet zs У; х y, B"? tt 
1 ЗС 
(Баг) 


0.922 0.147 
0.983 0.325 
0.976 0498 
0.995 0.583 
0.993 0.635 
0.993 0.677 
1004 0.697 
1002. 0717 
1001 0.742 
1.005 0.804 
1.018 0.897 
Т 
measured 


exp 


Ур 
0.108 
0.307 
0475 
0550 
0.614 
0.664 
0678 
0.711 
0.739 
0810 
0906 


уаше =1.013 Ъаг 
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While the prediction is not perfect, it is relatively good. 


UNIFAC 


Experimental dare 
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8.1-10 First we should check to see if this problem is soluble (i.e.., well-posed in the sense of the Gibbs 
phase rule). The Gibbs phase rule, eqn. (6.9-6) is Ғ-С-М-Р--2. Thus here we have 
Е-3-0-2-2--3 degrees of freedom. Since the temperature, and two independent liquid- 
phase mole fractions are specified, the problem is well posed. 

For the solution of this problem, the following subscripts will be used: 1 = ethanol, 
2 = benzene and 3 —ethyl acetate. As the first step, compute the pure component vapor 
pressures. This is done by using the vapor pressure data in the “Chemical Engineers' Handbook", 


making plots of In P"? vs 1/7, and then determining In P"? (and hence БР) at T2 789 C 
(/Т = 2847 x10? К) we find 


P"? = 1.0 Баг; BY? =0.9666 bar and Р” = 1.053 bar 


Next, we need compute the liquid phase activity coefficients. This will be done using the ternary 
van Laar eqn. (eqn. (A7.3-2)). [See also Problem 7.8c], together with the entries in Table 7.6-1. 
Here one has to be careful about the order in which the species appear in the table. I obtained the 
following: 








0,,-1946 ,,-1610 > о, = В, =1610 В,, =, = 1946 


о,,-115 В,,=092 => о,,-В,,-092 4-05 = 115 
0,,-0896 p, =0896 = 0-p,-0896 В; =0., =0896 











Now from eqn. (A7.3-2) 


{roy (B2 ejos (8) +023 Pe Ps (et ооз 2 Bo >) 





1 
m Tu Вз 
ХХ 53 ФБ 
113320х2 + 0896х3 + 1730] а 
Гг “-08273х, +] x,=x,=04 08666 | 
x =0.2 
=> ү = 2.0767 


To obtain an expression for гү, , we interchange subscripts 1 and 2 in eqn. (A7.3-2) to obtain [see 


solution to prob. 7.8c] 
[s exi es = Ї 


2.3521х2--14375х2 -27025х,х 
d 1 3 1 3 05403 _ 9 4145 
[ +1.2087x, 41250x,] — |.-4-04 13036 


хү-02 


In y; = 





эү» = 15136 


An expression for Y, is obtained by interchanging indices 1 and 3 in eqn. (A7.3-2) to obtain [see 


solution to Problem 7.8c] 
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8.1-11 


es el 


10.736032 + 0.896 x? + 00268x x, } 0.1557 
? [x;+080x, +? x-x-04 08464 


хү-02 
= Iny; = 01840 and ү; = 12020 


Iny; = 


With these "preliminaries" taken care of, we can now proceed on to the solution. The equilibrium 
equations are 


xy В“? = y,P and У xy, 2"? =Р 


Therefore 
xy, БУ” =0.2 x 20767 x 1.000 = 0.41534 bar 
x4y Pj? = 04 х 15136 х0.9666 = 058522 
xy p = 0.4 x 12020 x 1053 = 050620 
Р = 150684 bar 
апа 


y,=02756 у,=03884 у, = 03360 


Note that the vapor composition is only very slightly different than the liquid composition. (This 
18 because the vapor pressures and activity coefficients of the species are all quite similar). 

An alternative is to use the program UNIFAC to estimate the activity coefficients. Using 
the program with ethanol (1- CH}, 1— СН», 1- OH), benzene (6-АСН) and ethyl acetate 
(1-СН,, 1- CH,, 1- CH4COO) we obtain, at 20 mole 96 ethanol, 40 mole 96 benzene and 40 
mole % ethyl acetate at 78°C ) that 

y; = 2.2062, y, = 11931 аш у, = 10038 


The solution is P = 12965 bar and 








y, = 03181; y, 20.3558 and у; 20.3261 


Clearly this result is different from the ternary van Laar prediction. In the absence of experimental 
data for this ternary mixture, it is difficult to say which model is better. 


For the simpler models, it is possible to show by simple mathematics that the model either does or 
does not permit a double azeotrope. For example, the van Laar model is 


Ge = 2412214125242 е 2а12 = OP x; = ofi (1-2) 
RT ха+хд 2а) о +Во ом +ВИ-м) 


Now for the benzene-hexafluorobenzene system С has an interior maximum and an interior 


minimum. That is, dG™ /ах, is zero twice in the region 0 € x, <1. To see if the van Laar model 
permits this we examine 
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4(G'|  offil-x) of(-1 _ оби (I- м) -8-0 
48) (Ox, + Bü-x)) om +Ва-х) [ох + BOU- x) S 
Or 
_оВ1-24) Palaa- , 
ox + В-х) [ах+В(1-х)] 
= (x; — xy) (ot + Во) – ху (oc- В) =0 
ОХХ? -ох — Ви + Ве -oxx + Виж =0 
ог 


2 
2 2 Q&Q | № X? | 
Ox; = ш>---|-“| ог——=+,/— 
ы В м В 


Now «and В must be of same sign (otherwise we get the square root of a negative number). 
Also, since 0 € x, <1 and 0 < x, < 1, only positive sign is allowed. Thus x,/x, = ү0/В when 


dG^ [dx =0. And only an interior maximum (if о> 0 and В>0) or an interior minimum (if 
a<0 and B <0) can occur, but not both! Therefore, van Laar model can not describe the 
observed behavior. 

Similarly, obviously the one-constant Margules model С“ = Axx, can not give both an interior 


minimum & maximum, so it can not describe observed behavior. 
Instead of continuing this extreme argument, we will look at the results of merely fitting the 
experimental data. 

Two-constant-Margules model 


Р meas Реас Хі,теав Х1,сас Уі,теав У1сас 

(hPa) (hPa) 

521.60 521.60 .0000 .0000 .0000 .0000 
525.70 | 518.42 .0941 .0940 .0970 .0880 
525.68 517.53 .1849 .1849 .1788 .1777 
522.87 517.19 2141 2141 2567 ‚2679 
518.18 516.24 ‚3648 3648 3383 3605 
509.89 514.09 4538 4539 4237 4522 
507.73 511.32 5266 5268 4982 .5275 
503.50 50772 ‚6013 ‚6015 5783 ‚6051 
499.74 503.06 ‚6894 ‚6896 ‚6760 ‚6970 
497.57 498.70 7852 ‚7852 7824 ‚7960 
497.94 496.96 ‚8960 ‚8960 ‚8996 ‚9063 
501.55 501.55 1.0000 1.0000 1.0000 1.0000 


- only 1 azeotrope at x, > 09 
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Wilson model 


P meas 
(hPa) 
521.60 
525.70 
525.68 
522.87 
518.18 
509.89 
507.73 
503.50 
499.74 
497.57 
497.94 
501.55 


Реас 
(hPa) 
521.60 
510.55 
500.76 
492.21 
484.89 
479.35 
476.28 
474.74 
475.30 
479.24 
488.48 
501.55 


Уі теав 


0000 
0970 
1788 
2567 
.3383 
4237 
4982 
.5783 
.6760 
7824 
‚8996 
1.0000 


y 1,сас 


.0000 
.0757 
.1556 
.2407 
.3335 
.4300 
.5118 
.5974 
.6982 
.8038 
‚9145 
1.0000 


Only a single azeotrope predicted to occur. 


NRTL model 
P meas Р саїс 
(hPa) (hPa) 
521.60 521.60 
525.70 518.93 
525.68 516.49 
522.87 514.23 
518.18 512.08 
509.89 510.11 
507.73 508.62 
503.50 507.19 
499.74 505.66 
497.57 504.17 
497.94 502.69 
501.55 501.55 


X1 meas 


.0000 
.0941 
.1849 
2141 
.3648 
4538 
.5266 
.6013 
.6894 
7852 
.8960 
1.0000 


Уі, теав 


0000 
‚0970 
‚1788 
‚2567 
.3383 
.4237 
.4982 
.5783 
.6760 
‚7824 
8996 
1.0000 


No azeotrope results form the least squares 


UNIQUAC model 


P meas 
(hPa) 
521.60 
525.70 
525.68 
522.87 
518.18 
509.89 
507.73 
503 50 
499.74 
497.57 
497.94 
501.55 


Реас 
(hPa) 
521.60 
528.19 
526.27 
521.58 
515.87 
510.44 
506.61 
503.46 
500.91 
499.57 
499.80 
501.55 


X 1,meas 


.0000 
.0941 
.1849 
‚2741 
‚3648 
4538 
.5266 
.6013 
.6894 
7852 
.8960 
1.0000 


V 1,meas 


.0000 
.0970 
.1788 
.2567 
.3383 
‚4237 
.4982 
.5783 
.6760 
.7824 
.8996 
1.0000 


Double azeotrope predicted, as indicated. 


уі ‚саїс 


0000 
0896 
‚1773 
2647 
.3545 
4436 
.5170 
.5927 
.6825 
7804 
.8938 
1.0000 
fitting of parameters 


Y1,calc 


.0000 
.0953 
.1717 
.2503 
.3368 < 
4276 
.5046 
.5852 
.6807 
‚7832. 
‚8978 < 
1.0000 
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Therefore, of the models considered only the UNIQUAC model is capable of producing the 


peculiar behavior of G* for this system. 


8.1-12 From Table 8.1-1 we have (assuming an ideal vapor phase) 


See figure below. 


м 
00503 
01014 
01647 
0.2212 
0.3019 
0.3476 
0.4082 
04463 
05031 
05610 
0.6812 
0.7597 
08333 
0.9180 


Yı 


3.4337 
31394 
2.6218 
2.2340 
19334 
17879 
15928 
15237 
14284 
1.3225 
11841 
11285 
10648 
1.0223 


Yz 


1.0247 
1.0192 
1.0445 
1.0918 
1.1332 
1.1637 
12643 
13068 
13755 
14984 
17837 
20086 
24539 
31792 


Y 
log of 2 


2 
05251 
04885 
0.3997 
0.3109 
0.2320 
0.1865 
0.1003 
0.0666 
0.0164 

—0.0542 

—01779 

—0.2504 

—0.3625 

—0.4927 


Solutions to Chemical and Engineering Thermodynamics, Je Section 8.1 


0-b 





The two areas I and II appear to be approximately 
equal, so the data will be presumed to be 
thermodynamically consistent. In fact, from proper 
numerical analysis, we find the data to be consistent. 


о: 
2-2 
қ % 
08 — 
A 
-2.2 
-0.ч 


- 0.6 
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8.1-13 


8.1-14 
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= vap уар 
P-xy В'"+х;ү,Б, 


д 
E ay B + x BP 2Yi Ly, pP +x, pP ду ; Where we have used that 21 = —1 as 
OX, Jy 9% Oxy Oxy 


х, >20 у 1 and шү бо 
Ox; 
oP 9 
ts =-R +y P? + хэ 09232 
Әх Jr. „0 дх› 


so that 


vap ОР 
2 /т.»->0 


Бут constant temperature ebulliometer 
2 


ү(% > 0) = 


2 уар уар 
P-xyWuBh +27 PB 


vap 
ES "occum es (20) к” exv 29 Iz 
9х, Jp Ox, Jp oT Дох,/, 


уа 9 va op, oT 
+YP,” + | m) Р"? + = Эг | (2) 
2) Pp TN9 X5 Jp 


дү, 


as х, э 0, ү, — 1 and quu 
2 


and 











vap 
0 = -po EU or 


LL] +у,( > OP? 
27 x) Ү>(% ЭР, 


or 





) ар“ | or 
уар | С 
л | ат jar] 
Р,хэ-»0 


constant pressure ebulliometer 
py? 
2 


y(x > 0) = 


(also available as a Mathcad worksheet) 
Clearly many different thermodynamic models can be used. We will use the van Laar model 


a 
Iny, =, — and lny, = B 
[ Pur [i+ Б 
хо axı 


which gives шут =0 and Iny7 = В. Using the data in the problem statement 
с= 1n(1.6931) 205266 and B= 15(19523) 20.6690. Using these parameter values in the activity 
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8.1-15 


8.1-16 


“n Hy 
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coefficient equations above, together with Р-ху, РУ”; P= P +P, and у, = Р, / P gives, at 


x, = 02 


х,-02 у=04483 у, =05517 and Р= 06482 bar 


Also 


ху-0500 у =0.7036 у -02946 Р-08431 


0.700 0.8118 01882 
0.850 0.8943 01057 
0.900 0.9256 0.0744 
0.950 09604 0.0396 
0.975 097795 00205 


(also available as а Mathcad worksheet) 
Using Mathcad I obtained the following results 


Т=300К Кии Т=400К 
Xeon =01 58340 хьон = 01 
05 04255 05 
09 003103 0.9 


09262 
09732 
09861 
09972 
10019 


К EOH-EAC 


15318 
11172 
00815 


Thus the results exhibit strong composition апа temperature dependence. For an ideal solution 


y B K Ji [x БҮ? 


1 





ЖР" m УР ——— 


X; P d ух; 





py? 


/ 


Thus, Гог ап ideal solution, the relative volatility К,; has по composition dependence, but can be 


dependent on temperature (unless, fortuitously, P“ and P;*? have the same temperature 


dependence, that is, AH;"" = ДА"? ). The composition dependence arises from the non-ideal 


solution behavior. Since the activity coefficients dependent on temperature, nonideal solution 


behavior also contributes to the temperature dependence of the relative volatility. 


This system was used for illustration in the first edition. The figures which appear below are from 
that source. [I changed to the hexane-triethylamine system since the x and y were too close in the 
benzene-ethylene chloride system because the pure component vapor pressures are so close.] 


92 04 2 оз to 


Brume mole тесе 


Безсеғе mole rection 
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P, "т № 


Mols traction of benaene in vapor 





а 92 04 ов os 10 





036 


01.333 
Баг 


Mole тасзаз of bergens 


ШЕРТИ 





n 03 oe ов ой 10 
Mote fason of tennene in Squid 


8.1-17 


кий") = yP 


_ јә ВОР Р ҮзВЛ (УР), 


(а) œ= 








ЕЯ РГ [Р ҮҮЛ (УР), 
= D e xt M RT (FIP) - 
p" (Г/Р), pre 
_ py e AU-?23)[8T (F/P) 
rd Composition (F/P) 
T depen dence ad T dependence ap 
dependence 


(b) Ideal mixture at low pressure 


A — 0 above and also all (£) =1 


Р; (Т) 
BOR) 
— ey 


T dependence 


OG, = 
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Ве erp), 


7 prargdsalRT( гур) 


BP? аа-аа (Р/Р) 


(F/P) 
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8.1-18 a) Starting from 


/ = f we get, for the ideal solution, that x, P"? = y,P 
Now adding such equations for both components, we get 
x,R"?-x,P""-P so that 
xh 

Ji = vap vap , 

АА" + XP, 

Рр” 
In a equimolar mixture у(х, 205) = ———— — 
БҮ + pue. 

b) For the nonideal mixture 

хү, = УР 
Now adding these equations for both components, we get 
xy B + ху, P = Р so that 

ху, PY? 

У; = ерт E 

xy AN? + ху, В? 
For the one - constant Margules model 

x £^? ехр(а(1- xij) 
Уул 
ху В“ exp(axz ) + х, РУ“? ехр(ахт) 

In a equimolar mixture with the 
ye c = Е ехр(а(05)?) EN di 

27 05Р/% ехр(а(05)7)--05Р/%? ехр(4(05):) Ру” + РУФ 
which is exactly the same result as for the ideal solution. However, these two 
different models only give the same vapor-phase composition in an equimolar 


mixture. However, even in this case, the pressures for the ideal and one- 
constant Margules mixtures are different. 


8.1-19 
Ах Ах? 
С“ = Axx, > y, =exp| 2 2 = exp —— 
б 10 > Yı || RT Y2 р RT 
x В"? = уР 
Р 
Azeotrope х = у > ү = тт 


2 
Yo P | py А ру e 45 [вт A(x? З)/вт 


— — = = = e 
уа уа 2 
ү R? P py e ХЕТ 


p? A A A 
Ue Ataf) е) Es eq) 





n EL 
py? RT 





А 
-> А- п 

py?P 2x, E 1 Py? 

So for an azeotrope to form 

(1) If pr > Bu 

















vap RT pr RT | p 


A 
— (2x - 1) 2 In = п 
ЕТ 1-2 BY? 


уар 
2 
pY 





Azeotrope will form near x, =0 if A= АТ 


Azeotrope will form at xj = 05 if А= о; at x 205 if А=-—. 
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vap 
2 
pY 





Azeotrope will form near x, =1 if 4— —RTIn 


: 1 ЕТ (ру 
Or in general Хү--11---1 
2 А Жар 


So we can draw figures of regions in which azeotropes сап be expected to form. 
RT 1 рү 


n 
1-25; РУ? 





(2) If P"? > PY? then A= 








Mirror image of point 1 


2 Ах (1- RT 
(b) r-l), А------- at x =05; A=2RT 


2х(1-х) 
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8.1-20 
T :- 69 
р5:-10422- 5 р5 := ехр(р5) p5 = 2.721 
рб := 10.456 — шір рб = exp(p6) p6 = 1.024 
p7 Щи p7 :=exp(p7) p7 = 0.389 


х5 :=0.25 x6 := 0.45 x] :20.3 


Р:=х5-р5 + x6:p6 + х7:р7 Р= 1.258 
унь (х5-р5) у6:= (х6.рб) у7:= (х7:р7) 
Р Р Р 
Bubble point pressure Р= 1.258 
Bubble point compositions y5 = 0.541 уб = 0.366 у7 = 0.093 


Now оп to dew point calculation 


Initial guesses Р:=1 х5 :=0.1 x6 :- 0.6 x] :=0.3 
75 :=0.25 76 :=0.45 77 :-03 
GIVEN 


х5 + x64 x7=1 X»p5mz5P — x6 p6276P х7:р7=27:Р 
soln := FIND( х5, x6, x7, P) 


x5 ‘= зо, x6 ‘=soln | x7 ‘= soln , P ‘= soln , 


Dew point pressure P = 0.768 


Dew point compositions x5 = 0.071 x6 = 0.338 x7 = 0.592 
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8.1-21 (also available as a Mathcad worksheet) 


8.1-21 


Solving for the bubble point pressure 


Т:=69 Р := 1.013 

р5(Т) :=ехр| 10.422 — ео: р5(Т) = 2.721 K5(T, P) POUT) 
8.314-(273.15+Т) Р 

p&T):sexp 10456-29976 _ p6(T) = 1.024 K6(T, P) := РОО) 
8.314-(273.15+Т) Р 

35200 
KT) =exp| Ат. 7(Т 
ын “| mcr] РТ(Т) = 0389 KXT, P) LE 
y5:2033 уб:=033  y7:=0.33 25130325 615045 (22:03 


GIVEN 
К5(Т,Р).25 + Кб(Т,Р)-26+ К7(Т,Р)7751 у5=К5(Т,Р):25 y6=K6(T,P):26 у7=К7(Т,Р).77 


soln := FIND( y5, уб, y7, P) 


y5 во, уб =вош | у7 :=вош„ Р = soln, 
у5 = 0.541 y6 = 0.366 у7 = 0.093 Р= 1.258 
This is the bubble-point pressure solution. Now on to the dew-point pressure problem. 


35:033 615033 7:=033 Мола 


GIVEN 


z5 z6 zl 1 5 75 76 zl 


---------а--ш Е = о —— 
К5(Т,Р) K6(T,P) КТ(Т,Р) K5(T, P) K6(T, P) КТ(Т,Р) 
soln := FIND( x5, x6, x7, P) 


x5 во, x6 :7soln, x7 ‘= soln, P ‘= soln, 


х5 = 0.071 x6 = 0.338 x7 = 0.592 P = 0.768 


This is the dew-point pressure solution. 

So for a mixture of the composition 25=0.25, 26-0.45 and z7=0.30, at a temperature of 69 C, the 
mixture will be all liquid at pressures above 1.258 bar, and all vapor at pressures below 0.768 bar. 
Vapor-liquid equilibrium will exist at this temperature only between 0.768 and 1.258 bar, so this is 
the pressure range we will examine. 
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Т:=69 Г. := 0.99 Р:=1.2 


GIVEN KSCT, P) 56 + K6(T, P):x6 + K7( T, P):x7 (х5 + x64 x7)=0 
X» (L«C(1 7 KS(T, P)) + KS(T, P) )=z5 
x6:(L:(1 — K6(T, P)) + K6(T, P) )=z6 


xl (L:(1— K7( T, P)) + КТ, P))=z7 soln := FIND( x5, x6, X7, L) 
x5 ‘=soln, x6 ‘=soln, x7 ‘=soln, L го, У!=1- Г, 
х5 = 0.223 x6 = 0.456 x/ = 032 V = 0.094 Г, = 0.906 
у5:= К5(Т,Р):х5  уб: КбТ,Р)хб y7:-K7(T,P):x7 
у5 = 0.507 уб = 0.389 y7 = 0.104 
Piel! 080 
GIVEN KS(T, P):x5 + K6(T, P):x6 + K7(T, P):x7 — (x5 + x6 + x7)=0 


x5-(L:(1 — К5(Т,Р)) + K5(T, P) )=z5 
x6:(L:(1— K6(T, P)) + K6(T, P) )=z6 
x7-(L:(1 — K7(T, P)) + К7(Т,Р))=77 soln := FIND( х5, x6, x7, L) 


х5 го, x6 ‘=soln, x7 ‘=soln, L зо, У!=1- Г, 
x5 = 0.18 x6 = 0.458 x7 = 0.362 V = 0.264 L= 0.736 


у5:5К5(Т.Р)х5 y6:=K6(T,P)x6 у7:=К7(Т,Р)-х7 
y5 = 0445 y6 = 0427 y7 = 0.128 


Р:=10 1,:= 0.60 


GIVEN K5(T, P) 56 + K6( T, P):x6 + K7( T, P):x7 — (х5 + x64 x7)=0 
x» (L«C(1 7 KS(T, P)) + KS(T, P) )=z5 
x6:(L:(1 — K6(T, P)) + K6(T, P) )=z6 


Х74(14(1- K7(T, P)) + КТ, P))2z7 soln := FIND( x5, x6, x7, L) 
x5 ‘=soln, x6 ‘=soln, x7 ‘=soln, L ‘= soln, У!=1- Г, 
х5 = 0.141 x6 = 0.445 x7 = 0414 V= 0.451 L= 0.549 


у5:=К5(Т,Р)-х5 y6:=K6(T,P) x6 у7:-КТ(Т,Р)-х7 
y5 = 0383 уб = 0.456 y7 = 0.161 
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Р:=0.9 1::040 


GIVEN 
x» (L1 — K5(T, P)) + KS(T, P))2z5 
х6-(1-(1- K6(T, P)) + Кб(Т,Р))=76 
XI (L(1— ККТ,Р)) + K7(T, P) )=z7 

х5 ‘= soln, x6 ‘= soln | 


x7 ‘= soln, L:-soln, 


x6 - 0.412 x] - 0.481 
y6 :=K6(T,P)x6 у7:=К7(Т,Р)-х7 
y6 = 0.469 


x5 = 0.107 

у5:=К5(Т,Р)-х5 

y5 = 0.323 
Р:=08 


y7 = 0.208 
1::020 


GIVEN 
x» (L1 — K5(T, P)) + KS(T, P))2z5 
х6-(1-(1- K6(T, P)) + Кб(Т,Р))=76 
XI (L(1— ККТ,Р)) + K7(T, P) )=z7 

х5 :-soln, x6 := soln, 


х7 во, L:-soln, 


x6 = 0.359 х7 = 0.563 
у6:=К6(Т,Р)-х6 у7:-КТ(Т,Р)-7 
уб = 0.459 


х5 = 0.078 

у5:=К5(Т,Р).х5 

у5 = 0.267 
Р:=0.77 


y7 = 0.274 
L:=0.10 


GIVEN 
x5 (L(1- K5(T, P)) + KS(T, P) )=z5 
х6-(1-(1- K6(T, P)) + K6(T, P))226 
x7-(L-(1— ККТ,Р)) + K7(T, P) )=z7 

x5 ‘= soln, x6 ‘= soln | 


x7 ‘=soln, L:-soln, 


x6 - 0.339 x7 = 0.59 
уб:=Кб(Т,Р)-хб y7:=K7(T, P):x7 
y6 - 0451 


x = 0.071 

y5 :: KS(T, Р) :х5 

у5 = 0251 
Р:= 1.25 


у7 = 0.298 
Г. := 0.95 


GIVEN 
х5(1,(1— К5(Т,Р)) + KS(T, P) )=z5 
х6-(1-(1- K6(T, P)) + K6(T, P))226 
Х7-(14(1- К7(Т,Р)) + К7(Т, P))2z7 


x5:-soln, хб :-soln, x7 :-soln, L:=soln, 
х5 = 0.246 x6 = 0.451 x7 = 0.303 
у5:=К5(Т,Р).х5  y6:-K6(T,P):x6 у7:=К7(Т,Р) :х7 
y5 = 0.536 y6 = 0.369 y7 = 0.094 
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K5(T, P)-x5 + K6(T, P):x6 + K7(T, P)-x7 — (x5 + x6 + x7)=0 


soln := FIND( x5, x6, x7, L) 


У:= 1-1 


У = 0.663 L = 0.337 


К5(Т,Р)-х5-- KG( T, P):x6 + K7( T, P)-x7 — (x5 + x6 + x7)=0 


soln := FIND( x5, x6, x7, L) 


У:= 1-1 


У = 091 L= 0.09 


K5(T, P)-x5 + К6(Т,Р):х6+ K7(T, P)-x7 — (x5 + x6 + x7)=0 


soln := FIND( x5, x6, x7, L) 


У:= 1-1 


3 


V = 0.995 L = 5309-10. 


K5(T, P)-x5 + K6(T, P):x6-- K7(T, P)-x7 — (x5 + x6 + x7)=0 


soln := FIND( х5, x6, x7, L) 


У:= 1-1 


У- 0013 L = 0.987 
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1:=0,1..9 

0.768 0.071 
77 0.071 
8 0.078 
9 0.107 
РР:=| 1.0 xx5 := | 0.141 
1.1 0.180 
1.2 0.223 
125 0.246 
1.258 0.250 

0.250 0.450 

0.251 0.451 

0.267 0.459 

0.323 0.469 


yy5:-|0383 | ууб:-|0.456 yy: 


0.445 0.427 
0.507 0.389 
0.536 0.369 
0.541 0.366 


EEIE 





0.300 
0.298 
0.274 
0.208 
0.161 
0.128 
0.104 
0.094 
0.093 


8.1-22 (also available as a Mathcad worksheet) 


8.1-22 
Solving for the bubble point temperature 
Т:-69 Р:-1.013 


р5(Т) := ег) 10422- 2909 | 


8.314-(273.15+Т) 


рб(Т):5 ег) 10456- 29070 | 


8.314:(273.15 + T) 


p(T) ==» им 


35200 
8.314-(273.15+Т) 


р5(Т) = 2.721 


p6(T) = 1.024 


р7(Т) = 0.389 


0.338 
0.339 
0.359 
0.412 
0.445 
0.458 
0.456 
0.451 
0.450 
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0.592 0 
0.590 0.0053 
0.563 0.090 
0.481 0.337 

xx7 :=| 0.414 LL:-| 0.549 
0.362 0.736 
0.320 0.906 
0.303 0.987 
0.300 1.0 





0.5 


0.6 0.3 1 1.2 1.4 
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K6(T, P) LT 
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у5:=0.33 уб:=033 у7:=0.33 25::025 26:=045 77:=03 
GIVEN 


К5(Т,Р).25 + Кб(Т,Р)-26+ КТ(Т.Р)- 7 ші у5=К5(Т,Р):25 y6=K6(T,P)z6 = y7=K7(T,P)-z7 


soln := Е МОСу5, уб, у7, T) 


у5:=з0ош, | y6:-soln, у7 :zsoln, T := soln, 
y5 = 0.548 y6 = 0.363 y7 = 0.088 T = 61.788 
This is the bubble-point temperature solution. Now on to the dew-point temperature problem. 


5:=033 ж6:=033 х7:=033 челак 


GIVEN 


z5 z6 zl 1 z5 z6 zl 


Е = eme mor Hm 
KS(T,P) K6(T,P) K7(T,P) KS(T, P) K6(T, P) K7(T, P) 
soln := FIND( x5, x6, x7, T) 


x5 Оу x6 ‘=soln, x7 ‘=soln, T ‘=soln , 


x5 = 0.074 x6 = 0.346 x7 = 0.579 T = 77.436 

This is the dew-point pressure solution. 
So for a mixture of the composition 25-0.25, z6=0.45 and z7=0.30, the mixture will be all liquid 
at temperatures below 61.79 C, and all vapor at temperatures above 77.44 C. Vapor-liquid 


equilibrium will exist only between 61.79 and 77.44 C, so this is the temperature range we 
will examine. 


T :=62 L:=0.99 P := 1.013 


GIVEN К5(Т,Р)-х5 + Кб(Т,Р).х6 + K7(T, P):x7 — (x5 + x6 + x7)=0 
x5-(L:(1 — K5(T, P)) + K5(T, P))=z5 
x6-(L:(1— K6(T, P)) + K6(T, P))226 
х7-(1.(1- К7(Т,Р)) + KXT, P))2z7 soln := FIND(x5, x6, x7, L) 


х5 го, x6 ‘=soln, x7 ‘=soln, L ‘= soln, У!=1- Г, 


х5 = 0.246 хб = 0.451 x7 = 0.303 V - 0.012 L- 0.988 
у5:5К5(Т.Р)х5  y6:-K6(T,P):x6 у7:-КТ(Т.Р)х7 
y5 = 0.543 y6 - 0.367 y7 = 0.09 


Т:= 65 Г. := 0.80 
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GIVEN K5(T, P) 36 + K6(T, P)-x6 + K7(T, Р) :х7 — (x5 + x6 + x7)=0 
х5-(1.(1- K5(T, P)) + КЅ(Т, P))2z5 
х6-(1-(1- K6(T, P)) + KG( T, P))226 


х7.(Г..(1- K7(T, P)) + K7(T, P))=z7 soln := Е МОС х5, x6, x7, L) 
x5 :-soln, x6 :- soln, x7 ‘= soln, L:-soln, У:=1- Г 
х5 = 0.198 x6 = 0.459 х7 = 0.343 V = 0.187 L = 0.813 
у5 :=К5(Т,Р).х5 y6:=K6(T,P) x6 у7:-КТ(Т,Р)-х7 
у5 = 0.476 уб = 0.41 y7 = 0.114 
Т:=68 L :- 0.60 
GIVEN K5(T, P):x5 + K6(T, P):x6 + K7( T, P)-x7 — (x5 + x64- x7)=0 


x»(L1— K5(T, P)) + KS(T, P))2z5 
x6-(L-(1- K6(T, P)) + K6(T, P)) 226 


Х74(14(1- K7(T, P)) + K7(T, P))=z7 soln := Е МОС х5, x6, x7, L) 
x5 :-soln, x6 :- soln, х7 ‘= soln, L:-soln, У:=1- Г 
х5 = 0.157 х6 = 0.453 x] = 0.389 V = 0.365 L = 0.635 
у5 :=К5(Т,Р).х5  y6:-KO6(T,P):x6 у7:-КТ(Т,Р)-х7 
у5= 0411 y6 = 0444 у7= 0.144 
Т:=71 1,:=0.40 
GIVEN K5(T, P):x5 + K6(T, P):x6 + K7( T, P)-x7 — (x5 + x64- x7)=0 


x»(L1— KS(T, P)) + KS(T, P))2z5 
x6-(L-(1- K6(T, P)) + K6(T, P))226 


х7.(Г..(1- K7(T, P)) + K7(T, P))=z7 soln := ЕІМО( х5, x6, x7, L) 
x5 ‘= soln) x6 :- soln, х7 ‘= soln, L:-soln, У:=1- Г 
х5 = 0.124 х6 = 0.432 х7 = 0.443 У = 0.551 L = 0.449 
у5 :=К5(Т,Р).х5  y6:-K6(T,P):x6 у7:-КТ(Т,Р)-х7 
у5 = 0.352 уб = 0.464 y7 = 0.183 
Т:-74 L:2020 
GIVEN K5( T, P)-x5 + KG( T, P):x6 + K7( T, P):x7 — (x5 + x64- x7)=0 


х5-(1-(1- К5(Т,Р)) + К5(Т,Р))=75 
x6-(L-( 1 — K6(T, P)) + KG( T, P) )226 
x7-(L-(1 — K7(T, P)) + KT, P) )=z7 soln := FIND( х5, x6, x7, L) 
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x5 := soln, хб ‘= soln | x7 :=soln, L:=soln, У:=1-1 
х5 = 0.098 хб = 0.398 x7 = 0.504 У = 0.749 L = 0.251 
y5:=K5(T,P)x5 y6:=K6(T,P) x6 y7:=K7(T, P)-x7 
y5 = 0.301 уб = 0.467 y7 = 0232 


Т :=76 L:=0.10 


GIVEN KS(T, P) o5 + K6(T, P):x6 + K7(T, P):x7 — (x5 + хб+ x7)=0 
Х(І.(1- K5(T, P)) + KS(T, P) )=z5 
ХӨ(І.(1- K6(T, P)) + K6(T, P)) 226 


Х7414(1- K7(T, P)) + K7(T, P))=z7 soln := FIND( x5, x6, x7, L) 
x5 := solno хб ‘= soln | x7 := soln, L:=soln, У:=1- Г, 
х5 = 0.083 x6 = 0.369 х7 = 0.548 У = 0.891 Г, = 0.109 
у5:=К5(Т,Р):х5  y6:-K6(T,P)x6 y7:-K7(T,P):x7 
у5 = 0.27 уб = 0.46 y7 = 0.27 
Т :=77 L:=0.10 
GIVEN KS(T, P):x5 + K6(T, P):x6+ K7(T, P):x7 — (x5 + x6+ x7)=0 


x»(L1— K5(T, P)) + KS(T, P) )=z5 
x6:(L(1 — K6(T, P)) + K6(T, P)) 226 


Х7414(1- K7(T, P)) + K7(T, P))2z7 soln := FIND( x5, x6, x7, L) 
x5 :-soln, x6 ‘= soln; x7 := soln, L:=soln, У:=1- Г, 
х5 = 0.077 x6 = 0.353 х7 = 0.57 V = 0.966 L = 0.034 
ул: КА (Т,Р)х5  y6:-K6(T,P)x6 y7:-K7(T,P):x7 
у5 = 0.256 уб = 0.453 y7 = 0.291 
T :=78 L :=0.05 
GIVEN K5(T, P):x5 + K6(T, P):x6+ K7(T, P):x7 — (x5 + x6+ x7)=0 


Х(І.(1- K5(T, P)) + KS(T, P) )=z5 
ХӨ(І.(1- K6(T, P)) + K6(T, P) )=z6 
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x7-(L-(1— K7(T, P)) + K7(T, P))=z7 soln := FIND( x5, x6, x7, L) 
x5 := solno x6 := soln | x7 ‘= оа, L:-soln, У:=1-1 
х5 = 0.071 x6 = 0.337 х7 = 0.592 V= 1.045 L = -0.045 
у5 :=К5(Т,Р).х5 y6:=K6(T,P) x6 y7:-K7(T,P):x7 
у5 = 0.242 уб = 0.445 y7 = 0.313 


Т:=61 1:=0.9 


GIVEN K5(T, P)-x5 + KGCT, P):x64- K7(T, P)-:X7 — (X5 + x6 + х7)=0 
х5.(1.(1-— KS(T, P)) + K5(T, P) )=z5 
x6-(L-(1 — K6(T, P)) + KG( T, P) )226 





XI (L:(1— K7(T, P)) + K7(T, P) )=z7 soln ‘= FIND(»5, x6, x7, Г.) 
x5 := solno x6 := soln | x7 :-soln,, L:-soln, Ул 1-Г 
х5 = 0.264 хб = 0.446 x7 = 0.29 V = -0.047 Г, = 1.047 
у5 :=К5(Т,Р).х5 уб:-КӨ(Т,Р)х6 y7:-K7(T,P):x7 
у5 = 0.566 уб = 0.351 y7 = 0.083 
1:=0, 1..9 
61.788 0.25 0.45 0.3 1.0 
62 0.246 0.451 0.303 0.988 
65 0.198 0.459 0.343 0.813 
68 0.157 0.453 0.389 0.635 
TT:=| 71 x := | 0.124 ххб :=| 0.432 xx] :=| 0443 LL ‘=| 0.449 
74 0.098 0.398 0.504 0.251 
76 0.083 0.369 0.548 0.109 
77 0.077 0.353 0.570 0.034 
77.436 0.074 0.346 0.570 0.0 
0.548 0.363 0.088 
0.543 0.367 0.090 
0.476 0.410 0.114 
0.411 0.444 0.144 
yy5 :=| 0.352 yy$ :=| 0.464 yy? :=| 0.183 
0.301 0.467 0.232 
0.270 0.460 0.270 
0.256 0.453 0.291 60 65 70 75 80 


0.25 0.45 0.30 тт 
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Section 8.1 


УУЗ 04 IL 05 
ууб 
X! 02 
0 
60 65 70 75 80 
0 TT 
60 65 70 75 80 
тт 
8.1-23 (also available as a Mathcad worksheet) 
8.1-23a 
1:=0.. 10 x 2014 
Р, ‘= | Те-380 
3120.29 
Pvaple- exp | 9.3225 — 
| Т- 63. 3 
Pvap2e- exp | 9.2508 — жаш 
Т- 57.57 
60 — 1-3 Ee = (1-х) 
323.15 323.15 ! 
gam] < ехр 
8.314-Т 
[ow asfi ы zu 0) 
кайбар 323.15 323.15 
8.314-Т 
P, x gaml Руар1-- (1 - х) “ваш2-Руар2 
0.329 
0.368 
0.403 
0.433 
0.461 
P in bar 





0.485 
0.508 
0.529 
0.548 
0.566 
0.583 
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T := 380 Pvapl :=ехр Эх шооны | 


D Pvap2 := exp | 9.2508 — шш 
Т- 63.63 


Т- 57.57 


[ow юм - zu -хр 
“эн 323.15 323.15 


! 8314. T 


(Gi. esas pes E (o 
323.15 323.15} | \! 


gam2. := exp 
! 8.314-T 


e (x gaml, Pvap1) 
! Р 


1 


у2, 1- yl, 


yl 





0.5 


0.582581, 0:6 


0.5 





0.4 


0.328551, 0.3 


fo 
ж 

2 
m 

i: 


Solutions to Chemical and Engineering Thermodynamics, 3e Section 8.1 


8.1-23b generalized at fixed pressure 


i:=0.. 10 x :=0.14 
TT, := |Т 373. 
DT—5 
while | DT |> 0.00001 
Pvaple exp | 9.3225 - шин 
Т- 63.63 
Руар2= exp | 9.2508 — сэ 
T- 57.57 
NE p Е (1- x) 
323.15 323.15 | 
gam] < ехр 
8.314-Т 
Цан 335. \ 5 zu | 
шан 323.15 323.15 
8.314-T 


Pex gaml -Pvapl + (1 - х) “ваш2-Руар2 


ПТ--10:ш шиг 
Р-750 
T—T+DT 


ТТ T 


TT 


i 


Have to recalculate vapor pressures, activity coefficients and vapor phase mole fractions since 
these variables are only defined within the subprogram. 


Руар1, :=ехр pans шиг | 


ТТ, - 63.63 


Руар2, :=ехр pans ME E | 


TT,- 57.57 








TT. TT. 5 
630-----3351- 1 (1-3) 
" 323.15 323.15 р 


бат! :=ехр 
: 8314-ТТ, 


ТТ, TT, 4 
630- - 335.|1—- (x) 
323.15 323.15 i 


8.314. TT; 








gam2. := exp 
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E :-x:gaml -Руар1, + (1 - х) :gam2.-Pvap2. 


ad x:gaml Руар1, е [e x) :gam2.-Pvap2. 


1 Р 1 Р 


1 1 


394.064 
390.316 
387.383 
385.011 
383.041 
381.368 
379.919 
378.646 
377.513 
376.498 
375.584 


у1- - TT = 












1.293 1 0.507 
1.23 1.003 0.453 
1.177 1.01 0.414 
1.133 1.023 0.385 
1.096 1.041 Бері уяран 0.362 
1.065 1.065 0.343 
1.041 1.095 0.328 
1.023 1.132 0.315 
1.01 1.175 0.303 
1.003 1.227 0.293 
1 1.286 0.285 
400 
І 
390 
ТТ. 
1 
380 yu 05 
370 
0 0.5 1 : 
Х. 
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1292954, 14 
gml 
12 
gum. 
da 1 
0 0.5 1 
Л х 1 


8.1-24 (also available as a Mathcad worksheet) 





SUM Benzene activity in benzene - polyisobutylene (40,000) mixtures 
NB :=1 NPIB 21000 УВ := 88.26 VIB ‘= 131.9 R:-8314 X10 
104 
ux E ас, wig: "Р __ МІВ = 04545  WIPIB :=1- WtB 
WiB mb + mpib 
78 : Е xb: VB 
= xpib := 1 — xb PhiB :Z —————————————— = : 
WtB | WtPIB xb. VB + xpib.-NPIB. VIB РЫР:=1-РЫВ 
78 40000 
oL - in a 
PhiB = 0.4264 xpib = 2.3352* 10 РЫР = 0.5736 xb = 0.9977 
mi: APB МВ m= 574.7878 
NB: VB 
енен ТИР ҮЗ ПЕШ РҺР + х :РЫР2 yB:-exp(InGB) УВ = 1.0529 
xb m, 
neon E + (1- m) PhiB +% PhiB? | yP:-exp(InG2) ҮР=0 
xpib 
—À ab :=xb-yB ab - 1.0505 
InGB - 0.0516 


activity of benzene 
Partial pressure of benzene = 0.0606-аһ = 0.0637 Баг 





чо шань wig: b __ WtB = 03566 УУРІВ:-1- WtB 
mb + mpib 
WtB 
78 xb- VB 
= xpib :=1- xb PhiB :Z —————————————— 2201 : 
WiB , WIPIB xb. VB + xpib-NPIB. VIB  РЫР:=1- PhiB 
78 40000 


жер EER spe Sse: «| ВЕРЫ 
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PhiB 
InGB :=In{——} + (1-1) -phip +% РЫР? yBi=exp(InGB) | yB- 1.0133 
xb т 
InG2 := | PMP) + (1- m)-PhiB + 7 РЫВ? ҮР :=ехр(шб2) ]P-0 
xpib 
InGB = 00132 InG2 = -184.5044 ELM ӨМТ 


activity of benzene 


Partial pressure of benzene = 0.0606-аһ = 0.0612 bar 





IDEM трея Wins HP > WtB = 0.2254  WIPIB :z1— WtB 
mb + mpib 
WtB 
ж cT bhe РИВНЕ = = У. х 
WtB |. WtPIB xb.VB--xpib.NPIB.VIB РР ‘= 1 — PhiB 
78 40000 
xb-09933 PhiB = 02061 xpib = 6.6564-10 5 PhiP = 0.7939 
шав саа PB | |а. ирээл php ]B:2exp(I]GB) үВ-= 0.8608 
xb m, 
InG2 :=In{ PMP) + (1- m)-PhiB сү Phib? ҮР :=exp(InG2) yP=0 
xpib 
InGB = -0.1499 InG2 = -113.4422 abym aby B 899 


activity of benzene 
Partial pressure of benzene = 0.0606-ab = 0.0518 bar 
Calculation of pure component vapor pressure of benzene 
Data from Perry's 
Pvap = 40 mm Hg at T = 7.6 C and 60 mm Hg at 15.4 C 


А :=10 В := 3000 
given noza- В а ÈB- 
273.15 + 7.6 273.15 + 15.4 
con := find( A, B) 
A ‘= сопу А = 18.6885 В ‘=con B= 42111103 


ехр| А B 
273.15 + 10 


750 


Pvap := Руар = 0.0606 Баг 
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8.1-25 (also available as a Mathcad worksheet) 


шин Cyclohexane activity in cyclohexane - polyisobutylene (40,000) mixtures 
МС:=1 NPIB 22000 чуру 8416 VIB := 131.9 В :=8.314 y :=0475 
104 779 
„оь. wés- =. WiC = 05686 — WIPIB :=1- WiC 
wic mc + mpib 
Яа = i en Pee £C _ нм | 
WtC | WtPIB xc VC4-xpib-NPIB. VIB РР :=1-— РЫС 
84.16 40000 
На = ug 52 
РЫС = 0.5716 xpib = 1.5938:10 РЫР = 0.4284 xis 
jp EE VIB 957 
NC. VC 
InGC :=Inf PMS) (1-1 |.рыр+ҳ phi? үС:=ер(њос) | yC- 09578 
ХС m, 
InG2 := [РР] + (1- m). phiC4 4: PhiC? — y P!= exp(InG2) yP=0 
xpib 
162 = -262.067 ас хс-үС ас = 0.9563 
InGC = -0.0431 


activity of cyclohexane 


Partial pressure of cyclohexane = 0.1303:ac = 0.1246 Баг 





“с a Wie =, WiC = 03026 WIPIB :=1- WtC 
mc + mpib 
улс 
wie piste озы ЖС _.. xs 
WtC МІВ xc: VC + xpib- NPIB-VIB РЫР :=1- РЫС 
84.16 40000 


хс = 0.9952 РЫС = 0.3052 xpib = 4.8245 i0? PhiP - 0.6948 





пос гад РНС) + [1- — pnip +y РЫР? yC := exp(InGC) ҮС- 0.7716 
XC m 
InG2 := in| Р Р, (1- п) РЫС+ РШС” ҮР :=exp(InG2) yP=0 
xpib 
InGC = -0.2593 InG2 = -137.998 ac cA ас = 0.7679 


activity of cyclohexane 


Partial pressure of cyclohexane = 0.1303-ас = 0.1001 bar 
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me := 0.147 трі :=1 mc 








WtC: De а УИС = 0.1282 УҮРІВ:-1- WtC 
mc 4- mpib 
Улс 
ГЭР... - MS р са JE c ln СҮН? 
РЫС , УФЇВ xpib :z 1 — xc ж.УС+ хріь:МРІВ-УІВ PhiP := 1— РЫС 
84.16 40000 
xc = 04174 РЫС = 0.1556 xpib = 0.5826 PhiP = 0.8444 
БӨС EE) f1- L РЫР + 4 РЫР? yC :=exp(nGC) ҮС = 12146 
XC m, 
InG2 := Inf БІР + (1- ту PhiC + 4 -PhiC? ҮР :=exp(InG2) yP=0 
xpib 
ШОС = 0.1944 InG2 = -72.5182 © тое шавар 


activity of benzene 


Partial pressure of cyclohexane = 0.1303-ас = 0.0661 bar 


So while not perfect, the value of the Flory parameter chosen, 0.475, gives a reasonably good 
description of the cyclohexane-polyisobutylene system. 


Calculation of pure component vapor pressure of cyclohexane 
Data from Perry's 
Pvap = 60 mm Hg at T = 14.7 C and 100 mm Hg at 25.5 C 


А :=10 В := 3000 
Өеп а МОВА 
273.15 + 14.7 273.15 + 25.5 
con ‘= find( A, B) 
A ;7 con, А = 18.2201 В ‘= соп В = 4.0661« 10? 


exp| А - B 
273.15 + 25 
750 


Pvap := Руар = 0.1303 bar 


8.1-26 (also available as а Mathcad worksheet) 


81228 Pentane activity in pentane - polyisobutylene (40,000) mixtures 


_ 40000 VP := 72.15 VIB := 131.9 В :=8.314 y := 0.85 


104 .630 


№Р :=1 NPIB : 
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EDIS ROS wire WtP = 0.5842  WIPIB :=1- МІР 
wtp mp + mpib 
84.16 з қ хр. VP 
= xpib :=1- xp РЫР = ——— ——————— зассан А 
WiP | WIPIB xp. VP + xpib.NPIB.VIB  PhiPib := 1— РЫР 
84.16 40000 
PhiP - 0.6012 хрї = 1495310 3 PhiPib = 0.3988 xp - 0.9985 
fie cds 
NP. VP 
InGP RE + \ 5 - ‘PhiPib +7 -PhiPib? ҮР: exp(InGP) ҮР = 1.0261 
хр m, 
inG2 :=In{ ГЕР | | (1 my-Phip+y-PhiP?  qPib:sexp(InG2) үріз-0 
xpib 
InGP = 0.0258 InG2 = -259.8176 OPE шан 
activity of n-pentane 
Partial pressure of n-pentane = 0.3778-аР = 0.3871 Баг 
OD eS пор! ХҮР: Р _ WtP-0212 МІВ :=1- WtP 
mp + mpib 
WiP 
84.16 | xp: VP 
Xp = xpib :=1- xp РЫР ;:Z ——————————————— S ; 
WtP " WtPIB xp: VP + xpib.NPIB.VIB PhiPib :=1- РЫР 
84.16 40000 
хр = 0.9922 РЫР = 0.224 xpib = 7.760910 > РЫР = 0.224 
InGP Шет + \ z - ‘PhiPib + х -PhiPib? yP :=exp(InGP) ҮР = 0.8169 
хр m, 
naeh | үү. y. phip + y РЫР? yPib :=exp(InG2) — yPib- 0 
xpib 
InGP = —0.2023 InG2 = -94.3441 a ДЕ а 


activity of n-pentane 
Partial pressure of n-pentane = 0.3778-ар = 0.3062 bar 
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Hp cM. а wtp :=_"P __ WtP = 0.0286 МЕРІВ :=1– ІР 
mp + mpib 
WtP 
_ 8416 КЕКТІ xp: VP 
PhiP | WIPIB xpib :=1- xp xpVP--xpib.NPIB.VIB  —PhiPib :=1- РЫР 
84.16 40000 
хр = 0.1264 РЫР = 0.0355 xpib - 0.8736 PhiPib - 0.9645 
InGP ШЕ ТЕ \ * - .PhiPib + y -PhiPib? yP:=exp(InGP) үР= 16197 
Xp m, 


InG2 RR + (1— m) PhiP +1 РЫР? jPib:zexp(InG2) ^ yPib- 1.7316°10 ” 
xpib 


InGP - 0.4822 InG2 = -15.5691 ар :=хр7Р ар = 0.2047 


activity of n-pentane 


Partial pressure of pentane = 0.3778:ap = 0.0773 Баг 


So while not perfect, the value of the Flory parameter chosen, 0.85, gives a reasonably good description 
of the pentane-polyisobutylene system. 


Calculation of pure component vapor pressure of pentane 
Data from Perry's 


Руар = 200 mm Hg at T = 1.9 C and 400 mm Hg at 18.5 C 


A :=10 B := 3000 

BM оО) ee È- СОП ИЕ È- 
273.15 + 1.9 273.15 + 18.5 
con ‘= find( A, B) 


A = con, A = 17.4764 


exp| А - сац 
Л 273.15 + 19 
Pvap = 


Руар = 0.3778 Баг 
750 


В:=соп, B = 3.3496- 10? 
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8.2-1 


8.2-2 


8.2-3 


Section 8.2 


Using the critical properties in the text, the program VLMU and the following interaction 


parameters 


ke 


2 
I obtain the following 


Bubble point, P (bar) 
1 
5 
10 
15 
20 
25 
30 
35 
40 
42 
43 


Using the same program and information as above, I obtain the following 


Dew point, P (bar) 
1 
5 
10 
15 
20 
25 
30 
32 
35 
38 
40 
42 
43 


See figure on following page. 


T(K) 
23131 
28026 
30817 
32712 
34199 
35447 
36583 
37527 
384.56 
38831 
39031 


T(K) 
25393 
299.65 
32527 
34232 
35543 
36615 
37515 
37844 
383.00 
387.09 
38957 
39176 
392.64 


Ус, 
0.3444 


0.2222 
01738 
0.1460 
0.1261 
0.1102 
0.0932 
0.0835 
0.0699 
0.0632 
0.0588 


Xc, 
0.0038 
0.0081 
0.0117 
0.0148 
0.0180 
0.0213 
0.0257 
0.0271 
0.0296 
0.0331 
0.0361 
0.0402 
0.0434 


Ус, 
05907 


0.6576 
0.6693 
0.6691 
0.6642 
0.6565 
0.6434 
0.6329 
0.6133 
0.6011 
05919 


Хс, 
0.2309 
0.3128 
0.3595 
0.3924 
04198 
04446 
04724 
04806 
04936 
0.5103 
0.5231 
0.5389 
0.5499 


a5: =0001; c 55 0010: Ас, с, = 0003 


Ус, 
0.0649 


01202 
0.1569 
0.1849 
0.2097 
0.2333 
0.2634 
0.2836 
0.3168 
0.3357 
0.3493 


Xc, 
0.7653 
0.6791 
0.6289 
0.5928 
0.5623 
0.5341 
0.5019 
0.4923 
0.4768 
0.4566 
0.4408 
0.4209 
0.4068 


Again we use the program VLMU and the data from Problem 8.2-1. Also, since, at 20 bar, the 
bubble point of the mixture is 341.99 K and the dew point is 355.43 K, we only need to consider 


temperatures between these two extremes. The results follow: 
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P = 20 bar 

T(K) Xx х, х; у У y V/L split 

342.5 0.0478 0.5670 0.3852 00120 0.6648 02143 0.0303/0.9697 
344.0 0.0418 0.5564 04019 01069 0.6641 02290 01265/08735 
346.0 0.0352 05382 04263 0.0914 0.6580 02506 02635/0.7365 
348.0 0.0299 0.5170 04531 0.0789 0.6464 02746 04095/05905 
350.0 0.0258 04928 04814 0.0690 0.6304 0.3007 05612/04388 
352.0 0.0224 0.4668 05107 0.0609 0.6106 03285 07175/02825 
354.0 0.0197 0.4397 0.5407 0.0542 05878 0.3580 08796/01204 


355.0 0.0185 0.4259 0.5557 0.0512 05756 0.3732 0.9628/0.0372 


Note to instructor: 
Re: Problems 8.2-1, 2 and 3 

You should take time to discuss how the compositions are changing with pressure in each 
of the cases above. For example, in Problem 8.2-1, at low bubble point pressures the vapor 
composition is very different than the liquid, with the vapor greatly enriched in the light (C,) 


component. However, as the pressure increases, and the critical point is approached, the vapor 
composition becomes similar to that of the liquid. Analogous comments apply to the dew point 
case of Problem 8.2-2. 


" Vapor Liquid Equlibrium 





9 . 
P dp, Bubble point 
=. : curve 


Dew point 
curve 





220 240 260 280 300 320 340 360 380 400 
T bp, à T dp, 
TinK 


8.2-4 See solution to Problem 4.2. The derivation of Eqs. 8.2-8 is identical to the derivation of eqns. 
4.4-29 & 30. 


8.2-5 (aandb) These algorithms are incorporated into the program VLMU Examine that program to see 
the algorithms used. 


8.2-6 (a) The equations to be used to solve this problem are the mass balances, the equilibrium condition 
(equality of fugacities) and the energy balance. Writing these equations for an open, steady- 
flow system, we have (for 1 mole of feed of compositions z; ). 
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Mass balances z,=x,L+yV 1=12,..., М 
1=Z+V (summing equations above over all species) 
phase equilibrium condition f; = f; 


7L 2У 
=>x,P Л -у;Р 7 
x- P 


i Yy” 





1-1, 2, ..., N 


or 
-L =v 
х,ф, (T, P, х) = у,ф, (T, P, y) 
or 
-L 


қ-2-% = K(7,P,x) 1-1, 25:54. 
X 





i 


energy balance 0- > (МН) + YE). + > (WA). | 


0= Y (E). -VZ GA) - 19 (уН) 


Also, we have the summation conditions 


Ух; =1 ad У у, =1 


Section 8.2 


(1) 


Q) 


(3) 


СА) 


(b) With the exception of eq. (4), the other equations are the ones used in the isothermal flash 
calculation (see eqs. 8.1-14 & 15, and 8.2-4). Therefore the easiest algorithm to implement is to 
use the one for the isothermal flash with an extra, outer loop which iterates on final temperature. 
This is done by adding ап enthalpy calculation (see eq. 8.2-8а) to the program, and calculating 
the enthalpy of the feed stream, and the liquid and vapor streams. If eq. (4) is not satisfied, the 


exit temperature 18 adjusted, and the calculation repeated. 


(c) A Mathcad worksheet (8-02-6.MCD) is available for this calculation. This worksheet is also 


available as the Adobe PDF file 8-02-6.pdf. 


8.2-7 This problem is probably most easily solved using an equation of state, such as the Peng-Robinson 
equation. Using the program VLMU, the critical properties in Table 4.6-1 and А, = 0.01 (from 


Table 7.4-1) we obtain the following 


mole 96 ethane Calculated Measurement 
in liquid vapor mol%  Р(Фаг) vapor mol % 
7.8 6.62 39.68 6.2 
228 19.35 37.08 19.7 
30.3 25.81 35.79 255 
59.0 5213 30.94 531 
89.0 8528 2589 854 


P(bar) 


39.73 
37.07 
35.60 
3213 
2545 


Thus we see, using the program VLMU, we obtain very accurate predictions in a simple manner 
(though, of course, much work went into preparing the program). With the exception of the 59 
mol 96 ethane liquid, the compositions are predicted to about 0.004 mole fraction and 0.4 bar 


accuracy. 


8.2-8 Again the program VLMU will be used with the critical properties in Table 4.6-1 and the value 
Күҙ = 0.055 given in Table 7.4-1. The only question is how to use the program to get К values. I 
have used the isothermal flash, since that is the only option that allows me to specify T and P. 
One then has to choose a feed composition that assures that one 1s in the two-phase region (this 
can be checked by a collection of bubble point or similar calculations, 1f desired). This 


corresponds to methane compositions in the range 
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8.2-10 


8.2-11 


0.0711 < xc < 09916 


In this range we find the following 
х у К 
methane 00711 09916 1395 
benzene 09289 0.0084 0.009083 
T 


asked for in problem statement 


We use the program VLMU, critical properties in Table 4.6-1, and a value of А, = 0.003 given in 


Table 7.4-1. The problem must be solved by trial-and-error. The easiest way 15 to start with the 
bubble-point P program. This leads to the result that the bubble-point pressure 15 8.47 bar. 
Therefore, a lower pressure than 8.47 bar must be used to produce appreciable vapor. Likewise, 
using the dew point pressure program gives a dew point pressure of 6.12 bar. Therefore, the 
pressure must be between 6.12 bar and 8.47 bar to produce appreciable vapor. By trial-and-error 
we find at T 231315 К, P = 7234 bar V/L = 05/05 2 1 and 


Feed Liq Vapor K 


С, 05 03699 0.6301 1703 
nC, 05 0.6301 03699 05871 
Phase compressibility, Z 0.0268 0.8594 


Using the program VLMU, critical properties in Table 7.4-1 and the following interaction 
parameters Kc, с, = 0.001; kc. nc, = 0.010; Kc, с, = 0007 ; kc. nc, = 0003; 


Kc. ic, = 0.007 and с іс, = 00 we obtain the following 


Component Feed Liquid "Vapor K 
ethane 03100 01638 04384 2.677 
propane 0.3400 0.3372 03425 1.016 
n- butane 0.2100 0.3084 0.1236 04008 
i- butane 0.1400 0.1907 0.0955 0.5008 
moles 10 04676 05324 
compressibility 0.0548 0.7952 


Therefore, 53.24 mol % of tank contents will be vapor and the remaining 46.76 mol % will be 
liquid. [If we believe the compressibilities, even though the liquid compressibility has some error, 
then we have that 5.7196 of the volume of the tank 1$ filled with liquid, and the remaining 94.29% 
is filled with vapor.] 


The analysis 1s similar to that of Problem 8.2-6 except that the energy balance 
0- YR), - LY (Н )-У oA) 

used there is now replaced with the entropy balance 
Уз), ку) иу) 


А Mathcad worksheet (8-02-11.MCD) is available for this calculation. This worksheet can be 
viewed as the Adobe PDF file 8-02-11.pdf. 
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8.3-1 (a) ЙҮ data are obtained from the Superheated Steam Tables. Also 
A(T , P=0.1 MPa) = ИТ, апу pressure) since, at low and moderate pressures, the Паша 


enthalpy is independent of pressure to an excellent approximation. Therefore, HT ,P)is 


taken along the saturation line, and then extrapolated to high temperature, as shown below. 


Ed 


Aaa 


» 3À 


Jos 


Ta 


горе 


4) et мов", ай "araso 24 


гей 





Fas Jes sho feo Poo Fs e 


8.3-2 General: The starting point for solving this problem is 
IN, = IN, = Xv, Fw, Жі, =w, P= БВ, 
where Ру, is the partial pressure of nitrogen in the gas phase. Also, Ж, = fugacity of pure 


"Паша" nitrogen, is 1000 bar according to the problem statement. 
(a) Ideal solution 
Ум, = 1:880 D, = 1 bar (problem statement) 
thus 


P 1 
Xu, = = —— = 0001 
^ fx, 1000 





(b) Non-ideal solution 


Неге Inyy, =0526(1-xy,) . 
(and will be even smaller here), it is reasonable to assume that 1-х, 51, шум, = 0526, and 


Since, from the ideal solution case above, хх, is quite small 


Ум, = 16922. Thus 


Б; 1 = 
XN, а = 591 10 
Ум, IN, 1.6922 x 1000 


The Henry's Law Constant is the constant in the expression 


H,x, = ДУ, here, Нұх, =1 bar 
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8.3-3 (a) 


(b) 


8.3-4 (a) 


_ I bar 


thus Hy, 
XN, 


—1692 bar. 





Also, since Hy, 2 yw, Ж, and V^ =0, we have that the activity coefficient Ум, 18 


independent of pressure. Thus, the only pressure variation of the Henry's law constant will be 
through the Poynting pressure correction to the "Паша" phase of pure nitrogen. 


To compute the ideal solubility, we will use Shair's correlation, Fig. 8.3-1 first we need to 
compute the reduced temperature 


T. = 29815 _ 1564 
190.6 
thus, 
L 
f£ = 3.65 and f'" = 3.65 x 46.0 bar = 167.9 bar 
С ІҒір. 8.3-1 


Therefore at 1 atm partial pressure of methane 


; Р, 3 
ideal - ын 2; 1013 bar = 6.03х10” (all solvents) 
4 fcu, 167.9 bar 





To compute the activity coefficients, we изе Хєн,Усн, 22: = 1013 bar ог 


Үсн, = 1013/ Хсн, pm = 6.03х10 3 / Хон, The following results are obtained 


СН, -Бептепе: Усн, -291 CH,-CCh: усн,-241 
СН,-С,Н,: усн, =243 CH,-C;H,: You, =191 McDaniel 
142 Guerry 


The regular solution model gives, for the CH, - C;H,, mixture 


Йй (бе, — Oca, y 2 52 x (5.68 — 73 
= — = ех = 1.26, 
VCH, en RT Фон, P 1987 x 2982 








Since óc 4,, “1. Note: CH, parameters from Table 8.3-1С,Н,, parameters from Table 7.6-1. 


This result is not in agreement with either set of data, but 1s distinctly closer to Guerry's 
result! 


Start from у; = fj^ => xy;fj = y; £) 


Determination of nitrogen properties: 


i 


_ 37315К _ _ 75bar 


= =2.96; Bh. -------2. 
ls, 1262 K м, 33,94 Баг 
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E 
de 


From Fig. 54-1 (2 =1. Now using  Shairs correlation (Fig. 8.3-1) 
№ 


fX, (Р = 1013 bar) 
Б. 





61; however, at 75 bar we һауе 





fA, (P=75bar) А (Р= 1013) УХ (P-1013) 
= ехр 
Р. Р. ЕТ 


= 61ехр(0.0784) = 6.6 = fx, (P = 75 bar) = 224 bar 


Determination of benzene properties: 


37315K 75 bar 
T. = ——— = 0.664 and Р, roce 
Ас, 5621 К Ае, 48.96 Баг 
From Fig. 7.8-1 f = 0.23 and, for the liquid, we need the vapor pressure. From the 


vapor 

Chemical Engineers Handbook we һауе Р“? = 1.013 bar at T = 80.1°С , апа P"? = 2.026 bar 
a A : 1 val 

at T=1038°C using InP“? = ed as the interpolating formula, we find P"? = 1823 bar. 


From Fig. 5.4-1, we have (with a little extrapolation) that (2 = 0.96. [Along the saturation 
sat 





line]. Thus 
yt р- pv 
= py (5) ехр | ) -1823х096х exp 72402 | = 2.159 Баг 
Нер RT 8314 x 37315 


Thus, the equations to be solved are 


XN, Yn, 224 bar = ух, 75 bar 
XC HY CoH 2:159 bar = усн, 75 bar 
Хы, + Жен, =1 
Jg + Усун c 
together with 
L 2219 
Vw, (5%, E Seu) дс,н, 
ЕТ 





Ум, = ехр 


апа 


L 2 2 
Veu, (ôn, -бон,) фу, 


ВТ 





fcu, = EXP 


where the М, parameters are gotten from Table 8.3-1 and the benzene parameters from Table 


7.6-1. Because of the nonlinear nature of the equations (due to the composition dependence of 
the activity coefficient), this problem is best solved by trial and error. I chose xy, — 0.0 as the 


initial guess. 


Solutions to Chemical and Engineering Thermodynamics, Je Section 8.3 


(b) 


8.3-5 (a) 


(b) 


Solution obtained was: 
хм, = 0.047 and yy, = 0883 


Measured values: 
хм, = 0.045 and yy, = 0944 


At 100 bar the calculation is similar, however the numbers are a little different. I find 


fY Ж 
= ~ 0175; 5 є 6.76 and /Сн, «2290 
СН, Е. 


Solution obtained was: 
хх, = 0.061 and ух, —0874 


Measurement yields 


Xy, = 00595 уу, = 0.968 


In both cases the liquid compositions are in better agreement with experiment than the vapor 
compositions! 

Note: I have found that some students try to make a large extrapolation of the vapor pressure, 
rather than using Shair's correlation ... it is a large extrapolation here, since the nitrogen critical 
temperature is 1262 K. If we extrapolate the low temperature vapor pressure, and make the 


(small) fugacity coefficient correction, we obtain Ж, = 1195 bar compared to 224 bar here at 
75 bar. This leads to xy, = 0.0082 , compared to 0.047 calculated here and 0.045 observed 


experimentally. 
Moral: Use Shair's correlation instead of making large extrapolations of the vapor pressure. 


Suppose a small amount of liquid, AN 15, vaporized, then there are yAN = moles of dissolved 
gas in the vapor, апа (x — Ax)(N — AN) = moles of dissolved gas left in the liquid we are 
interested in a different distillation, i.e., the case where Ax and AN will be very small. Thus 


(x — AXXN АМ) = xN — ХАМ — NAx + (АХАМ) 


& XN — xAN — NAx 
Now writing a mass (mole) balance on the dissolved gas yields 





xN = yAN +(x- AxN — AN) = yAN + xN — ХАМ — NAx 





Thus 
n =» and taking the limit as AN — 0 yields e шэн 
AN N ах N 











de +5 x (222) or шх Н-Р 
dN М М\ Р аһМ Р 
(xo, №) and (x, М) yields 


Using у= Z yields . Now integrating between 


H H-P 


P 








Г 4шх- — аш or шх—1пху = [In N - In No] 
Xo No 


P 


which can be rewritten as 
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3 ү (Н-Р)/Р N 3 P/(H- P) 
---|-- or — =] — 
Xo No No Xo 


(c) For ~ 2001 we have = = (0.0 rss = 0.983. Thus, only 1.7% of initial number of moles of 
Xo 0 
liquid need be vaporized in a differential distillation (1.е., no violent boiling, otherwise 
equilibrium will not be obtained) to remove 99% of the CO, . 


tar >= 00001 = (00001 = 0966 
Xo No 


Thus only 3.4% of initial number of moles of liquid need be vaporized to remove 99.99% of the 
СО». 


8.3-6 I used the bubble point option of program VLMU treating the liquid mole fraction of CO, as an 
adjustable parameter, until a CO, partial pressure of 1.013 bar in the vapor phase was obtained. 
The results appear below: 


Xco, Ва Усо, Ко, = Усо, “Ба 
0.006 0.31 08680 0.269 Баг 


0.020 0.96 0.9562 0.918 
0.022 105 0960 1008 
0.0221 1.05 0.9601 10081 
0.0222 106 0.9603 1.018 


Therefore, the predicted solubility is хсо, = 0.02215. 


8.3-7 (a) This problem is treated 1n the same manner as the previous problem. The results are given 


below: 
ky, =0 
Хсо, Ва Усо, Ко, = Усо, Вы 
0.015 141 0.6729 0.9488 
0.016 1.48 0.6869 1.01662 
0.0159 147 0.6856 1.0078 


Therefore, the predicted solubility is = 0.01595 = xco, . This is considerably higher than the 


experimental value of хсо, = 0.00328 


(b) 4,202 
Хсо, Poa Yeo, Feo, = Yeo, * Бы 
0.015 494 09011 44514 
0.003 136 0.6566 0.89298 
0.0033 145 0.6775 0.9824 
0.0034 148 0.6839 1.0121 


In this сазе хсо, = 0.0034 which is quite close to the experimental value of 0.00328. This 


illustrates the importance of the binary interaction parameter k; . 
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Ne -8.314 x 1075 Рат х 27315 K 
532: 202225 йы eo ыы... 
RT 1.013 bar 
ax1013 _ Lm py g/m 


G 


~ 8314x102 x27315 “ 18.015 g/mol 


Ng 1 | №] 
х = mum 
М№+ № 1+ Ng 
-5 -1 
-l1 2w „ 8314 x10 x 273.15 К -| 
18.015 ax 1013 








-1 
141244 x 102 Av 
a 








1 M ntm 
(b) = SOM DRE HARE ; for simplicity, assume 1 m? liquid 
volume liquid 
1- V No .8314х1077. V -1.013 1.0132 


, с 


“Im 1013 ©8314х10°Т 8314x10°T 


х= 14 № =| 1+ Pw „8314 x10 T 
№ 18015: Lx1013 





-1 
= [1+4555х Td 

















6 3 3 
(© S-V- N,-8314x105 bar m?/mol Kx27315 K x 20 emm" 
1.013 bar 
н,- В 2,221 
8314 x27315 18015 
NE DN S> TREES = 5 х 1.013 ola 
М + Му Шз +. 5х1013+1260599 541244 
(d) хКн = 1.013 EE) 
H 
S 100 
е Ма----; Ny = 
© № M,' " 18015 
50 
Ng M. 180158, 
ЕЕ 5 EL CK MR 
Мо%Му +, 180158, 4100М, 


8.3-9 Condition for equilibrium as the solubility limitis } = f," which implies 


f: = RTIn x^ : (7, P,x, =I) ToU Pos =1) 

Pa X EP reb) f(T, P = 1013 bar) 

since the fugacity of the species in the vapor phase as this low pressure is given by the Lewis-Randall rule, 
and just equal to the fugacity of the pure species at 1.013 bar. Now the last term on the right of this 
equation 15 equal to the Gibbs free energy change of transferring the gas from the ideal gas state to a 
solution of unit mole fraction. Therefore 











AG" =0= RTIn = RTInx?? + RTIn 


ИР zm 1) 
ДУ(Т,Р = 1.013 Баг) 





AG" = 0 = RTInx? + RTIn = RT Inx" - AG 
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where AG is the free energy changed asked for іп the problem statement . Therefore AG = —RTInx*", but 








G 
Inx = 4+Ž4CInT+DT+ ЕТ, then AG--RT| 4&2 Cin T+ DT& ET |, also zc Or 
T 
“эс ИРЕ ВЕ т 
дт Т? дТ 
АН = 24-ңА +2. ClnT 4 рт + zr | (то) = R[-B+CT+ DT? +2ЕГ'| 


G-H-T$ $- - E ag 8 ТАО 





AS = К в+ст+ DI? FIET + AT+B+CTInT + DI? + ET?] 
Ба 
- Шит» СТаТ+СТ+2РТ?°? + ЗЕТ] 
= R[A+ClnT+C+2DT+3ET" | 
С, -(%) = AC, -(25) = К|С+2рт+6ЕТ?| 
ôT р ОТ 


8.3-10 а) We expect the solubility of bromine in water to be quite low, so that the molar concentration of 
water will be essentially unchanged. Then the change in free energy for the bromine dissolution 





process is 
— аа — аа 
M 
IE rh I 2554 р ню ) 
М +554 fg, М+554 Хньо(М = 0) 


M ты M, 55.55 RT Ino ot M 


М +5555 284 М--5555 55.55 
where 55.55 1s the molar concentration of water. Assuming M will be very small, the second term 
can be neglected and we obtain 





M RTIn 147M 


G = 
M +5555 284 





The results are plotted below. 


0.307734, 


03.167164, —4 
0 0.05 0.1 0.15 02 
0.01, M, 02, 
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b) At saturation, the fugacity of liquid bromine equals that of bromine in solution. Therefore 


Tm, = Soni ог 147M =284; so M = 01932 
Either by using this value in the equation above, or using the graph above, we see that the 
Free energy change is zero if the liquid is saturated with bromine. 


8.3-11 CO, 1--3042К Р. = 7376 bar @ = 0225 1,-1947К 


Toluene 591.7 41.13 0.257 383.8 
From Prausnitz-Shair Correlation 


L 
T, = 098; L =0.6. Assume very little toluene in vapor усо, ~ 1 





C 
ра Усо, P(f/P) 
©? усо,/со,(Т, Р-1013 bar) ехр [И co, (10-1013) bar|/RT} 
АБО T 098, p -— 1. = 0136 
7316 


f 
P 
(о, = 06 х 7376 = 4426 bar 
Now calculate the Poynting correction 
55 cc/mol x 8987 bar 1m? 
о A етт 
298.15 K x8314 x10? Багш /шо сс 10° сс 


55x 8987 x 10! 
— exp 2 1 
29816x10? x 8314 x 10 


So ideal “Prausnitz-Shair” solubility 
10 x 0.96 


хо. = 
7^ ^ 4426x102 
Now consider solution nonideality 


(Figure 5.4 - 1) = 0.96 





| = exp[0.02] - 102 


= 0213 


Table 7.6-1 Table 8.3-1 
Sy =89 бсо, = 6.0 
И; =107 Veo, =55 
55 1)92(60 — 8.9) cal 
шусо- (55сс/то1)0,(60-89) cal/cc — 078102 


8314 J/mol К x 298.15 K x 0.239 cal/J 
ЖЕ Их _ 107(1=x¢6,) 

Иж +Voo,Xco, 1071-хо,)%55Хо, 
107(1-x.,) 107(1-хсо,) 
107-(107-55)х-, 107-52х, 


So to find the nonideal solubility must solve 
0213 0213 


X, = ——— Io 
"^ exp[0.781¢;] ехр0781[107(1— хс, )/(107--52хсо,) | 

which has the solution хсо, = 0.102 (using MATHCAD) 

From Program VLMU with Ксо, т = 0.0 








(using flash with equimolar feed) 
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Pressure = 10.05 bar 


x y 
CO, 0.2062 0.9952 
T 0.7938 0.0048 
Note Ко, = усо, x P = 09952 x 10.05 ~ 10 bar 
Ксо,-т = 010 
х y 
CO, 0.1174 0.9949 
T 0.8826 0.0051 
Ко, “10 bar 


Which is reasonably close to the Prausnitz-Shair correlation result, especially given the difference in 
the methods. 


8.3-12 (а) From the Steam Tables T = 25°С, P = 3169 kPa 
(b) 1 atm = 1.-10 kPa 


d А А : 
Уул е = 0.0313 bar ; remainder 1$ oxygen and nitrogen. 


Initial partial pressure of N, 20.79 x (101.3—32) = 77.5 kPa 
Initial partial pressure of O, 2021x(1013—32) = 206 kPa 
Mole fraction N, in water xx, Hy, = Py, 

77.5 КРа/100 КРа/Баг _ 0775 
848 х10* bar/mole fraction 848х10* 


= 0.0914 x10 * =914х10* 
Mole fraction О» in water 
Л 20.6/100/bar > 20.6 
~ 435x104 bar/mole fraction _ 100x 435x104 





XN, 


Xo, -474x10 5 
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8.4-1 (а) From eqn. (8.4-2) we have, at equilibrium, that 
xi¥i (x^) = хүр (x") for all species i 


and from regular solution theory we have 


RTIny, -V/(9, б») 


ex VV 2x | 
and G^ =(xV,+ x,V ,) фф, - &;T = GAME I 85)": The critical solution 
x + №275 


temperature is found from 


ЕЗ -- (8 (S 
ox? e ox T ox? Р 


where 





СМ = xG (T, P) + x4 GT, P)+ RT(x Inx + x Inxj) 


By taking derivatives, we find that 





ex 2172 2 
e Же RT and E | ы LAM V5(9, -5,) 
Т,Р Т,Р 


2 2 3 
Ox; XX Ox; (SV, x, V5) 


Thus, setting 








Gg = i 
ox? TP дэ? EP 


we obtain 
252 2 2 
ЕТ, = 2хх›Ё ТУ (д, - 8,) =2фф, VV (5, -5,) (%) 
(хи + xs И t x; V) 
(b) To find the upper consolute temperature, that is, 7, , we use Эс -0 ог 
рр р С шах 
Р 


Ox, 


{Ze = 2717, (5, -5,7 [s e Зхүх2 (Уу LM 
Ox, Jp (х үл xVy (И +x Vy) 


clearly the term { | must be zero at the upper consolute temperature. Thus, we obtain 


2 4 р? 
y + Р-Р 


Vi = V, Ч Uf -ҮЭ) 





Only the negative solution is realistic. Thus, the composition at the upper consolute point is 
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(Vi +У»-УУ,)-Ў, 
(V. -V,) 


х=1-х, = 


Note that this composition depends only on the molar volumes of species, and not their 
solubility parameters! Note also, that as У, 1, х; ә 05, as should be expected. 


Substituting this result into eqn. (*) above yields 


ya 

xvi -a {Vy «vv? evi-ry)" -vi-ri 
|y immune NL $$ ЕЕ 
1/2 3 

(V,- vi +7. - Vy.) SE. Уу) 


a( N e 


8.4-2 For G” = Ахх, we have, from Су“ = RTIny; = | ЭХ 


| . That RTIny, = Ах апа 
ПРИ 


RTIny, = Ах. 
(a) The equilibrium curve is one for which G: = б ог xy! =y. for both species (i.e., 


1-1, 2). Thus, the equilibrium phase envelope is the solution to the equations 


I 41-31 П 4 -x"y 
X; expj—————, = x; exp ————— 
RT RT 


2 2 
ER! Ах |_ EN! Ax}! 
(1 ses ЕТ ік х; jel ГЭЭ 


. I H 
and we have two equations for the two unknowns: х, X; 


and 





2 
(b) Limit of stability criterion is (28) = 0, where 
JTP 


G=x G +x, G, + RT(x шх, + x, lnx, )+ Ах 





G IM G^ 


setting 


2 RT 
Е s) =0 yields хіх = EV = qll- x)= x- хі 
Т.Р 


ox? 
1,1 2RT pol 2RT uy 1 1 2RT 
>El огх----41- and x; -----,1--- 
2 2 A 2:2 A 222 A 


8.4-3 (a) Regular solution theory suppose that 5“ =0, or, since G^ = А" —TS^ , that G^ = Н". 


This is the case for ће C,H,-CCl, system, but not for ће С,Н,-С5, system. Therefore, 








solving for x, yields x, = 


regular solution theory is not applicable to the С,Н,-С5, system. To test the Hildebrand- 
Scatchard model we use 
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(b) 


(c) 


Ad aM 2 
SSE 2-2, (5, -6,) 


2 
XV + V5 


G^ = 


at x, =05 we obtain 


ex _ (05x 89% (05) x Ol ар. 9.2)? = 1158 сато! = 4845 J/mol 
p 05(89 + 61) 


compared with =105 J/mol experimentally. Thus, we concluded that while the ССІ, - C,H, 


system has 5% = 0 and thus may satisfy the regular solution model, it is not well represent by 
Scatchard-Hildebrand regular solution theory. 
Since G^ is a symmetric function of composition for the CS, - CH, system, we will represent 


the composition dependence of С“ by the one-constant Margules expression G^ = Axx, with 


4 —1160 J/mol , so that G^ = (x, = 05) = 290 J/mol, as is observed experimentally. For the 


one-constant Margules eqn., by eqn. (8.4-14), 
A 1160 


28 2х8.314 
Thus, if a liquid phase(s) were to exist at very low temperatures, it would exist as two phases 
below 70 K, and a single stable phase above 70 K. However, since 70 K is well below the 
melting points of either of the pure components, and, presumably, the eutectic point as well (see 
section 8.7), no liquid-liquid phase separation will be observed. [Note: we can improve our 
estimation of the upper consolute temperature by taking into account the temperature 


X2) H | 
ЭТ = E we obtain 


Tuc = 70 K 





dependence of the excess Gibbs free energy. In particular, from 


G* E c 21 n e g^ qo 
MEE О 5 T АТ; Т 


where we have assumed, for simplicity, that H°% is temperature independent. At x, =05, 


Н = 525 J/mol. Thus 


2 1 1 
G(x, = 05, Т) = 7, 2! 4-5251--- 
298.15 Т 29815 
and, at T, = 80 К, 
G^ (x, = 05, 80 К) =462 J/mol, and A(T = 80 К) = 1848 J/mol 











implying an upper consolute temperature of 
A 
Пс =— =111 K 
UC FR 
Guess again Тс = T, = 105 К 
G(x, 205, 105 К)-1056К, Т 21064 К (which is close to guess) 


Since this temperature is still well below the melting points of the species, our conclusion does 
not change, there is no phase separation. We do, however, see the importance of accounting for 
the temperature dependence of the excess Gibbs free energy (and activity coefficients)! ] 


For vapor-liquid equilibrium we have f° =f >xy,P“?=y,P at an azeotropic point 


x, = y;, so that y,P”*? = P for our system 
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A 11 
с . 11600 — -04365 
ВТ 8.314х 319.65 


also 
уар | p. vap 
Үсен Fen, = P= Үсѕ, К, 
ОР 
vap _ уар 
In'Yc.n, + ln Fou, = ШУсз, + Fes, 
ОР 


уар 
0.4365x25, ie = 04365(1— xcs, | 
С$› 
This equation has, as its only solution, 
хсѕ, = 182 
which is not between 0 and 1. Thus, we conclude that no azeotrope is formed. [Note: we could 
get а better estimate of С“ at the temperature of interest by talking into account the 


temperature dependence of С“ as was done in part b. Then we find that 
G"(T-465C, x, =05) =273 J/mol 
Thus, the solution becomes even less non-ideal, and an azeotrope will not be formed. | 


8.4-4 (a) Starting from 


А1 х1) 
shyt = sheng] МСМ o дар а АС 


which we can solve for А 


і і 


А 
Using the data for benzene (xp = 0.48 and XE - 094) yields КҮП -252, while using the data 


A 
for perfluoro-n-heptane yields ТҮП = 331. Since the two values of А are different, we conclude 


that the one-constant Margules equation is not consistent with the experimental data. 


(b) Regular solution theory gives 


— 


V ($) (8,84) V (9) (5-5) 
xl — xl exp у (Ф) бе в) E x B x! exp V (Фу) бе в) 


which, solving for (бр -6y yields 


32 т) б ху, 
Sh —— 2-55 
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8.4-5 


Section 8.4 


From Table 7.6-1 Уз = 89 cc/mol ; V, = 0226 m?/mol from the problem statement. Thus 
Ob = 0.2666, фі = 08605, ob = 07334 and op = 01395 


Using the benzene data, we obtain (6, – бы)” =108 cal/mol ог б, -б,%33-125 or 5.9. 
Note that we can not choose between these two values solely on the basis of the data here. 
Activity coefficient data on perfluoro-n-heptane in other fluids would be needed to fix 5,. Тһе 
value 5.9 is, however, quite close to the value of 6.0 given in Table 7.6-1. 
Doing a similar calculation to the one above, but not using the perfluoro-n-heptane data 
yields 
(5-5) =775 = 8,28,£28-120 ты 


Thus, regular solution theory is also not completely consistent with the experimental data! 


The condition for material stability is that d^G » 0 for all variations at constant T and Р. Here 
this implies 


VG | 9?AG . 
= >0 or equivalently | ——S"* >0. 
Т,Р д Т.Р 


2 
дх 1 Х| 


Looking at the curve in the problem statement, we see that at points В and C this derivative is 
zero, and between points В and C it is negative. This implies phase instability or phase separation, 
with points В and C being the limits of stability. 

The condition of phase equilibrium is 





G! - GJ and G! =G" (1) 
Now from Chapter 6 we have 
дАР = 
AV mix (Nu -Уз-У, 
дх, ТОР 
апа 
АН, — 
АН, - | e -Н:-Н, 
дх, T 
similarly we have 
дАС - 
AG mix =% шы -Orf- с, (2) 
дх, 22 


Therefore, the equilibrium conditions can be written as 


AAG.) д(АС nix) 
I I mix? _ П П ——mix 
AG i T, Рх!) m5 AG ud T, P. x] - x; Tm (3a) 
and 
9(AG,.. IAG 
а (T. Pa!) 06) ЖЕГЕНІ G» 
1 1 


Subtracting the second of these equations from the first yields 
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(ЖАС) 1 WAG ni) | n AAG mi) 9605) 


x mix L y —mix = —mix —mix 
i Әжі 2 ax} : Әх! 5 oxi 
and using dx, — —dx, gives 
AAG...) д(АС..) 
І І тих. II II — mix 
хр + хо | = [ху +x, ) oo 
( 1 2) ax! ( 1 2) дх! 
ог, since х TX =1 
AAG nix) Ә(АС,.) " 
oxi oxi! 


Thus, at the equilibrium state not only is с! - с! ‚ but eqn. (4) is satisfied also. Using this last 


result in eqn. (3a) gives, at equilibrium 


AG 


~= mix 


npc (A) 52708 {ы 
х) ý Ox, Jrp | = 7 ӘЖ Jrp 


Now сап. (4) implies that the slope of the AG „ix curve must be the same at the two points at 


which the phases are in equilibrium. Further, from eqns. (1 and 2) we have that since с! = с! ; 


the two lines have the same intercept. Since the two tangent lines have the same slope and the 
same intercept, the lines must be identical, i.e., the equilibrium points are on a common tangent 
line. 


8.4-6 At the bubble point (assuming an ideal vapor phase) 
yxy iP = y»? =P. So Хүүд: + му „Ву? =P 


(а) (0.04yy „(0427) +(0.96)(1)(0.784) = 1.013 bar = y, = 15244 











15.244 x 0.04 x 0427 0.784 
o ув=-==—————————=—=0257 and yy =096х1х-—=—= 0743 
1.013 1.013 
I.I 
004 x 15244 
(b) At equilibrium хү» = хү — Yu Eis аа ана ҮП = 1524; also 
Xp 04 
п _ XwYw 0961. 
Yod 0.6 


(c) Since ху! = xy! and Yay p УР = P. The second liquid phase will also 
have a bubble point pressure of 1.013 bar. 


8.4-7 Though the overall composition is 50 mole % isobutane, in fact there are really two phases ... one 
liquid of composition 11.8 mole % isobutane and the other liquid of composition 92.5 mole 96 
isobutane. Since, at liquid-liquid equilibrium xiy! = xyr and 


Poubble = yxy = Балы 
we need to calculate the bubble point pressure for one phase since the other phase will have the 
same bubble point pressure. Also, since the pressures are not expected to be very high, we will 
assume an ideal vapor phase. So the equations we will use are 


xy E =УР and У хүүд"? = Y» =Р 
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We will use the 92.5 mole % liquid for the calculations. 


Yisob (Xisob = 0.925) = 1019 from the problem statement 
Y ture (Xisob = 0925) =? 


However, from the liquid-liquid equilibrium condition we have 


II II 
0.882 x 1.033 
ЖҮ = Xie Y hat — Vaid (Xisob = 0925) E “tui = 0.075 = 12.148 
furf s 


Therefore 
P= Y xv; = 0.925 x 1019 х4909 +12148 x 0075 x 493x 107 = 4632 bar 


4.909 
оь = 0925 x 1019 x = 0.999; = 0.001 
Узоь 4.632 turf 





8.4-8 (a) AtLLE ne =x". Here this implies 


хү ері 8-0 -x | =x] exp (I Е ay 
(1-м СЕХ ï} -( =) (s | 


These equations are symmetric with respect to the interchange on the subscripts 1 and 2 (that is 
replacing x, by x, =1- x, and х,-(1-х)) by x, yields exactly the same set of equations). 


and 


This suggests that the equilibrium is symmetric. Of course, that is exactly what we would 
expect with the one-constant Margules expression. Therefore, we have 


xj = 0.0902 хи = 09098 
апа 
XLog = 0.9098 хі он = 00902 


(b) Here, as in the previous two problems, the bubble point pressure can be computed from either 
liquid phase since xyi = AT . Assuming an ideal vapor phase, we have 
xy БҮР =УР ad P= Уху,“ 


where the activity coefficients and vapor pressure are given in the problem statement. Тһе 
solution (putting all the equations into Mathcad) is 


Р-19657 bar, уң = 05795, урон = 04205 


8.4-9 The condition for liquid-liquid equilibrium is x = хүр using the one-constant Margules eqn. 


we have RT ny! = 4-3) . Now 


усн = 0097) _ 0903 


0.097ү|(х = 0097) = 0903y,(x, = 0903) > In 2d 
vies vios Jv ee 0008) ТТ. 


А А 
= —— [(%- 0097)? —(1- 0.903)" | 2 — 22:768 
т js y] Г. 
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Xacet 


0 
0.02 
0.04 
0.06 
0.08 
0.09 


0.097 
MP 


region 
0.903 


0.92 
0.94 
096 
098 
10 


8.4-10 


so that 


Yı = exp(2.768(1—x,)”) 
үз -ехр(2768(1-х5) ) 


Now to compute the pressure in the one phase liquid region we use 


vap 


P= хүү RUP + ху PP; 
- х[ехр(2.768(1 = xy)pae + (L- x Jexp(2.768x/)3.13 1077] 


P(bar ) 
0.00313 
0.0507 
0.0887 
0.1186 
0.1420 
01517 


0.1577 
phase 





01577 
0.1590 
01607 
0.1626 
01647 
0.167 


к-- аа өө ot 2 Aa uid Phases ud 





Since we have the concentrations of the coexisting equilibrium liquid phase we can determine two 

binary parameters. Also, since we are interested in two different temperatures (LLE at 20°С and 

VLE at 734? C) we want an activity coefficient model with some built in temperature dependence 
(otherwise, we will get LLE with the same compositions at all temperatures.) Consequently, I will 
use the two constant Margules equation 
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where Ql, = A +3(- В; В, =4(—1)' B. These equations are to be used with Хүү = xi m, 


LIC 
%ү = 


Ноа 


Section 8.4 


=> КТ шү, = хо (© + Bix) 


RT Iny = xi (% + Вх) 


Ї 59 


x z : à = 00850; x -1- x ; m = 0.6363; a = 1-х) . Putting all this into Mathcad, I 


А = 48334 J/mol В--19802 J/mol 


Now using Т = 734?C, the same constants as above, I find 


XMEK 


0 


о bo L1 е лышы oL 


d 
© 


P(bar) 
0.3603 
0.7241 
0.8313 
0.8601 
0.8696 
0.8776 
0.8867 
0.8931 
0.8903 
0.8718 
0.8337 


YMEK 
0 


0540 
0.617 
0.637 
0.646 
0.656 
0.677 
0.714 
0.775 
0.867 
1.000 


Azeotrope is predicted to occur at Хурд = 07287 апа P= 08935 bar 


Luak OS 


е 





X eek 


Note: LLE does not occur at this higher temperature. If it did the calculated P — x diagram would have 
both an interior maximum and minimum as a function of temperature, and the predicted x-y diagram would 
be like a sideways S, with the x-y line crossing the x = y line twice. 
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8.4-11 The Wilson model is 


G* --RTY x [Р s^ 
7 


fe АЙТАН ы 
ус ug RT 


1 


with 


which, for a binary mixture, reduces to 


G” = -RT x ln(x +x,A,,)+ x, ln(x A, +x, )} 
and 
G = xG +x% G, +RT(x Inx, +x Inxj) 


50 


х х 
G 2 x,G, + x, G, + RT| x, In——1— + x,In ——2—— 
Xp Xj4À45 ХА +X 


Now we look at the derivative of G 


д 
E3 mes + fii 
dxi J pp Хүж XA 


+RTx X + HA 2| Ху | 
1 
х Ox, ху + х›Ау» 


E и ат Sn 3 (8 
ЖА) T X, 20 Ax, Vx А, x, 


гие 


X, + XA, 
HG en | er | 
x, +x,A,, (x, + XA 5) 
ХА, +, 
—1 A,,-l 
+RT(x,A5, + m 
хүА, X, (А+) 
х 
=G,-G,+ RTIn——— 
X tA, 
eo Е 9 +x,A,,—x,+x,A,,} — RT In —2— 
(x * БА) XA + X, 
ВТ 
+— А ЖА» + xj 
(xA + x) 
-G,-G, ilie SEDAN. 
n X+x%Ay XoXQA, 
NIA NN EUM 


XA, tX, ХА, +2, 


Solutions to Chemical and Engineering Thermodynamics, 3e Section 8.4 





Then 
926 x,+x,A,, 0 x RTA 
| а = RT 1 2221.2 = ( 1 12: 12 5 =(1-A,,) 
dxi Jr p х My yt Ay) (Qux) 
B ours) RO 2-0 кн 2 (А, л 1) 
Хэ хі xg +) (мА + Xp) 
RT 
------1(х +х›А|,)—х(1— Aya) 
xx хі; 
ЁТ 


—— (Л, +) + (Л, 1)} 
xy A31 +X) 


So 


2 2 2 
Е s) 5 в А1 r2 221 Е 
2 2 2 
axi T,P xx) (А+ №) 


at upper criticalsolution temperature 


Now 0 €x, <1 and 0< x, < 1; in particular, neither x, nor x, is negative. Also, clearly 


2 2 
А А 
[fe | >0 апа тог | >0 
Хүж Xy A45 xA + № 
2 


So, for the Wilson model, the only way for 28) =0 isif Т=ОК. Thus, the upper 
XL pp 


consolute temperature for the Wilson model is T = 0 K, and there is no liquid-liquid equilibrium. 
8.4-12 (a) Clearly from 
RT Iny, = 8163x; we have 
G ** = x RTIny, + x, RTIny, = x,8.163x5 + х,8.163х2 


kJ 
= хух,8.163(х + х) = ху%8163 —— 
mol 
Therefore, the upper consolute temperature for this model is 
A 1 
Т. = IMG. = 490.9 К 


OR Эх8314 
First do the LLE calculation. At LLE хїү! - x . Here this implies 


xl exp (I -x М = xl expl 4 (- xy] 
(2% j£ (ч ï} =(1 -а өн (s | 


where A-8163. The results using the MATHCAD worksheet with this problem number are 


and 
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T (К) І П 


300 
325 


400 
425 


Ах? Ах 
Now do VLE calculation. Basis is х ехр ———- |Б“? = уР and that. У x,exp -2 Bu p 
RT RT 





1 


The results using the MATHCAD worksheet with this problem num 


Р-0.1013 Баг | |раозьыа | — | 


[30018 [o |3556 | 
[001 |426 |208 | | | 
с... ПИ] 


0.6457 327.84 

0.6827 325.60 0.3888 : 
0.4250 407.45 
0.4505 406.29 


0.4568 405.41 
0.4718 406.44 


104683 405.49 
ЕН ЕЕЕ ТТТ 407.95 


0.6540 330.06 
0.7503 274.67 0.7188 332.50 
0.7898 275.60 [iE шш] 
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P = 10.13 bar Liquid 


Temperature, °C 


0.0 0.2 0.4 0.6 0.8 


Mole fraction of n-hexane 
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360 


340 VLE 
Region 


VLLE Line 
320 


300 


LLE Region 


Temperature, °C 


280 


260 





240 
0.0 0.2 0.4 0.6 0.8 1.0 


Mole fraction of n-hexane 


8.4-13(a) Bubble point pressure. Assume vapor phase is ideal. Then 
ху, B® -yP 
Solvent 


1 1 
м Ше 1 ын _® + © | -уіР >Q 241 = =} + “е” = Р 
Xx, m m 
(1) 


Polyner 


1 
X2 exon (т- 1), өв к= =y,P >, expl(1 = =o + хв" = y,P 
2 


but for the polymer 
BY’ ~0> у, ~0, y,~1 
Therefore, from eqn. (1) 


1 
P= Һе 7 91 21 > Les * emm 


point 
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(b)  Liquid-liquid equilibrium 


I 
xi exin ын + Ї - їр +х(ф) ЇЇ” 
Xl m 


I 
= xL ex ын + (i - Эр + х(Ф: y Ire 


xi 
әдек(1- Joh eb) |o exp (1-2 (et) 
Similarly 
expa- mel +26) | = Ф exea - mel + (91) | 
Data needed 


(a) bubble point volume of solvent 
volume of polymer 
solvent-polymer % parameter 
vapor pressure of solvent 
liquid-liquid equilibrium 
volume of solvent 
volume of polymer 
solvent-polymer % parameter 


(b 


хи 


8.4-14 Consider the condition for liquid-liquid phase equilibrium of a solute assuming that undissolved 
solute is also present 


f (T. P3!) = fi (T, P3)» £a. b 

ог 

VE P, x } (Т, P) a Y(T, Px i Р) = у, (Т.Р) 

and then 

xy Ar o vU P,x")=1 

Therefore, if the activity of a species in solution is ever greater than unity, a separate phase pure 


(or very concentrated) in that species will form and reduce the activity of the species in the other 
phases to unity. 


8.4-15(also available as a MATHCAD worksheet) 


8.4-15 
= 5 " 5 
VI := 1.6.10 V2 :=1.5.10 arva chicT) = 195 
VI T 
phill(xll) ge UR oe phi21( x11) := 1— phil l(xl1) 
х11-У14-(1-х11)-У2 
phil2( x12) гез. ZEN NN phi22( x2) := 1 — phil2(x12) 


xI2- Vl + (1 x12). V2 


x11 :2 0.01 x12 :- 0.99 x21 :=1- х11 x22 :=1- x12 
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Fam Given 
In patil) + (phil2(x12) – рш11(х11)):11- 2 + chi( T)-(phiz1(x11?— phi22(x12)2)=0 
phil2(x12) m 
In phi21(x11) + (phill(x11) - phil2(x12)):(1— m) + chi(T)-(phit 1(x11)?— phil2(x12)2)=0 
phi22( x12) 
у :- find(x1l, x12) Ae 0.05979 
0.94392 


T :- 700 Given 


«үт + (phil2(x12) – ша = =) + chi(T)-(phi21 (x11) — phi22(x12)?)20 
phil2( x12) m 


In pe + (phill(x11) – рш12(х12))(1- m) + chi(T)-(phit1(x11)?— phil2(x12)))20 
phi22( x12) 
v :- find(x1l, x12) 22 0.11360 
0.89956 
T := 800 Given 
In phill(xl1) + (phil2(x12) – phill(x11)).|1— E + сыт). (phizica = phi22(x12)?)=0 
phil2(x12) m 
In илыш + (phill(x11) - phil2(x12)):(1— m) + сыт). (рых) phil2(x12)))20 
phi22( x12) 
v :- find(x1l, x12) ЭР 0.21265 
0.83659 
Т.-825 Given 
In phill(xl1) + (phil2(x12) – рш11(х11)):11- ES + chi( T)-(phiz1(xi1?— phi22(x12)2)=0 
phil2(x12) m 
In phi21(x11) + (phill(x11)- phil2(x12))-(1- m) + HeT. nii- phi12(x12)?)=0 
phi22( x12) 


у :=find(x11, x12) я 0.25958 
0.81687 
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Т:=835 Given 
о | Cphi12(x12) — phil 1(x11))-{ 1-2) + chiCT) (phi21 (x1)? — phi22(x12)) =0 
phil2(x12) E: 
[МКК | Crit 1(x11) — phil 2¢x12))-(1 — m) + chiC T) (ра (x 1)? — phi12(x12)?) 20 
phi22( x12) 
v :=find(x11, x12) ‚ .[ 028957 
0.80795 
Т:=843 Given 
o РОШ) | phi12(x12) — phil (xt D)-| 1- || + chic T) (phi21(x10)? — phi22(x12)) 20 
phil2(xl2) їй, 
nf РВС) | ОЛО ООО — m) + chi(T)-(phit (x1)? — phil2(x12)2)=0 
phi22( x12) 
v :=find(x11, x12) | 034590 
0.79783 


The temperature 843 K is the highest at which a nontrivial solution is obtained. At higher 
temperature on the trivial solution of both phases being equal is obtained. Thus, the FH 
model predicts that LLE will occur up to this temperature. That is, 916.2 is the UCST for 
SAN and PMMA. Of course, at this high temperature the polymers are likely to 
decompose. 


8.4-16 There are many different algorithms that could be used. One is a sequential one of first testing 
for LLE, if LLE does not occur then test for VLE. If LLE occurs, one must also test for VLLE, 
etc. In all the possibilities that must be tested for are only a liquid phase as stable phase, only a 
vapor as the stable phase, VLE with a liquid rich in component 1 as the equilibrium phases, 
VLE with a liquid rich in component 2 as the equilibrium phases, or VLLE. 
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8.5-2 


Following Illustration 8.5-1 we have 


123(9.9 — б,)ф 


Inx, = 
1987 x 2932 


13158 








y 

where $, = x, ———— — 
x +7, 

Benzene: V, =89 cc/mol , ô, = 92(cal cc)? by iteration we find that x, = 0256 (exp't 

= 0241) 

Toluene: Г, -107, 6, = 89 by iteration we find that x, = 0.239 (exp't = 0224) 

Carbon tetrachloride: V, -97, б, = 8.6 by iteration we find that x, = 0221 (exp't = 0205) 


Chlorobenzene is a somewhat more complicated calculation in that the regular solution parameters 
are not available. From Perry's "Chemical Engineer's Handbook", the following data is obtained: 


molecular weight = 112.56 specific gravity — 1.107 
Р"Ф(Ра) 1333 6667 13333 26667 53333 
TCC) -130 106 222 353 49.7 


vap 


Using this data we find V, = 101.68 cc/mol ; = ах 005613 К^!; AU"? = 39011 J/mol and 


R - 








гар 112 
АО“? : ЭХЭ: 
2, 4 s | = 9.58 (cal/cc)" ? with these parameters, by iteration, we find x, — 0.2655 
52 
(exp't = 0.256). Thus, the order of our predictions 15 correct, but our predictions are between 4 
and 8% too high! 


We will, again, use regular solution theory. Following illustration 8.5-1, we have 


Inx = —021113(99— &„)ф —1316 for a single solvent (1) 
and 
аху = -0211 13(9.9 - 5) — 1.316 for mixed solvents (2) 
where 
x, 





ó- ó, and ġ, = <= 
2,% 8 ^ SEA 
1 


and the sums extend over all solvent and solute species. The parameters used in the calculation 
are listed below 


V(cc/mol) ó(cal/ cc)" : 
п - hexane 132 7.3 
CCI, 97 8.6 


Since the mole fraction of naphthalene appears on the right-hand side of eqns. (1) and (2), through 
the volume fraction and solubility parameter terms, these equations must be solved by trial and 
error. The results are given below 


Solutions to Chemical and Engineering Thermodynamics, 3e Section 8.5 


8.5-3 


Composition of initial Equilibrium solubility Equilibrium composition 


mixture of naphthalene of mixture 
Хн Хоа, XNA Хн Xea, 
10 0 0.079 0921 0 
0.75 0.25 0.107 0.670 0.223 
050 050 0.143 0.429 0429 
0.25 0.75 0.183 0.204 0.613 
0 10 0.222 0 0778 


In the book "The Properties of Gases and Liquids", 4th edition, by Reid, Prausnitz & Poling 
(McGraw-Hill, 1987), we find the following properties for biphenyl T- = 789 K, P- = 385 bar , 


в = 0372, Т, = 529.3 К. The vapor pressure is given by 


уар 
In 4 





= (1-х) '[-7.6400x 41230083? — 367908х° 2.29172] 
С 


where х = jn (liquid range) 
Te 
Also, the liquid density is 0.990 g/cc and MW = 154.212 The "Handbook of Chemistry and 


Physics" gives the following for the sublimation pressure of biphenyl 


logio P(mm Hg) = 11168 — — for 6° C< T< 26°C 





Neither of these expression is good for the temperature range of interest to us here, but we will use 
the expression above. In this way the following results are obtained 


Т =49°C 
Py® Ба) Romig Ља) умехр) уугад) 
1008x10^ 1556 24717 24916х10* 001782 0.0082 
2045 32847 33112x10* 0.02689 0015 
2965 56087 5.6540x10 0.03605 0.0295 
3794 9.0833 9.1566х10“ 003795 0050 


Т = 552°С 
17200 1106 18796 32330х10* 0.00447 00112 
1326 21310 3.6654х10“ 001031 0.0038 
1672 2.5961 44654х10* 001829 0.0095 
2525 42237 72649x10* 0.03516 0.0265 
3346 67474 11606х107 0.05615 0057 
4128 105418 18132x10? 0.07918 0290 
4699 146018 25116x10? 011054 0325 
4827 157081 27019x10? 012669 0335 


T-575C 
3614 7.7502 16171x10? 006365 030 
4304 114580 2.3907 х107 0.09208 034 
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Here the Poynting factor was calculated from e 





0.990 


8314. T 


(P- Pj): 154212 
-———————— |. To proceed, we now must 


choose a kco -pg value. I have not done an extensive study, but based on ће Т = 49°С isotherm, 


kco -g = 0.08 seems like a reasonable compromise value. This value was used to obtain the 


predicted vapor mole fractions by using VLMU (species fugacity option) and, by trial and error 
choices of the compositions, matching the biphenyl fugacity. [Note, if you or your students obtain 
a better correlation, please let me know.] Clearly, the overall agreement is not very good. It is 
qualitatively, but not quantitatively, correct. 


8.5-4 (a) From the data in the problem statement, the fugacity of solid naphthalene at 50°C and 60 bar is 


(b) 


ү = 11х10 bar x 
(60— 111x103) x 0.112 Баг. m?/kmol 
| (27315 -- 50)K x 83.14 bar-cm?/kmol x10% т?/ст х 10? s 
= 1425 x10? bar 





The fugacity coefficient for the virial equation of state 15 


Р, 
Ing; = (29 ууВ, E swith B- Y Y В, 


Now we will assume that yy is small so that yy «O0. Ш this case В= Boo, and 


2 y;Bj- J =(2x Ву co, - Всо, со, ) 50 
) 





3 
пә={@х‹ 0405) — (-0103)) —— x — 5 Багш" 
kmol 32315K x10? шо x 8314 x 10 ? Harm- 





= 1579 > фу = 0206 
50 


и Р- pst ) 


Ж“ 2 ин Б 
poc ы ы ш ауда 000600 
2: 0206 


Now using the Peng-Robinson Equation of state. We use the program VLMU (species fugacity 
option), at the specified Т and Р, with со, х = 0103 (as in illustration 8.5-4) and adjust the 


composition of naphthalene until a vapor phase fugacity of naphthalene of 1425х10 ? bar is 
obtained. Ву trial and error, I find ух = 0.000225 , which is much lower than the virial equation 


result. Since, at somewhat different temperatures and pressures, the Peng-Robinson model was 
in reasonably good agreement with experimental data, I have more confidence in this result. 
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8.6-2 


Notation: 
М; = total number of moles of species i 
N7 = number of moles of species i in phase J 
№ = У М; = total number of moles in phase J 

i 
N7 
xj = mole fraction of species i in phase J = —* 


J 
Nj 





(a) Two liquid phases 
Equilibrium conditions: f. T, Р,х! m T, P,x" 1-1, 2, 3 
Mass balance constraints: N, = № +N} i-1, 2, 3 
Thus we have six equations for the six unknowns №; =1,П i=1, 2, 3 


Alternatively, we can treat y xl x xl, N! and №" as the six unknowns. 


(b) Two liquid phases, but species 2 and 3 completely immiscible. 
Equilibrium condition fi! T, P,x' = fl Т, Pa (1) 
Mass balance constraint N, = Nj Мі (2) 
Also 
N! 
N,-Nj N'=N +N х= 
N, + №, 
N! 
NM =N} МММ x) = 
Ni + М; 


Basically, we have two equations [(1) and (2)] for the two unknowns №. | апа № m The other 
equations merely relate the unknown № | апа № 4 to the mole fractions that appear in eqn. (1). 
(c) Three liquid phases: 
Zl гү. zH п). 
; (T, P,x |= Б (Т,Р,х =1„ 23 
equilibrium conditions 2 | ғ | A a 
ее 


mass balance constraints N; = № +N! + i=1, 2, 3 
Thus we have 9 equations for the 9 unknown М), і-1,2,3; J=1,2,3 or 


I QI ҮП ҮП ҮШ ҮШ al уп зүй 
Хү, Ху, Хү, X2, X №, NN ,N . 


Preliminary calculations 
МУ но, = 170 g/mol; Ce n,o, = 001176 mol/liter 


p-hydroxybenzoic acid 
М\ен,о, = 138 g/mol; Ce n,o, = 00145 mol/liter 


Notation 
П = aqueous phase, I = diethyl ether phase 
1 1 
C кис“ Ш 
K, 





Also 
GV! + СПУ" = N, = initial number of moles of species i 
or, using eqn. (1) 
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Thus, 
5 КИМ. 
G = 1 М, И апа e = а = 1 1 x Л 
(И+к т") (V! - K; У") 
Since diethyl ether and water are so insoluble, and since relatively small amounts of gallic acid 


and p-hydroxybenzoic acid will be transferred, I will assume that V! and V" are unchanged 
during the partitioning process. 


Finally N, =V" x C? , where С? = concentration of species in the water-phase before it 
18 contacted with the diethyl ether. 























_ 001176 
(a) Here p =5, V" =1; Cio 91176 _ 0.001307 mol/liter ; 
72956578 25% 
Ceno | : 00145 
са H,0, ^ 252 = 0005227 mol/liter ; СС,н,о, = : = 0.002829 mol/liter ; 
qu 
8 
Соно 
Сано, = 221—2 = 0000354 mol/liter 
(b and c) 
Using 2 batches of diethyl ether, each of 2.5 liters 
1* batch 
[Ceno], eL (а C;H T [ned өнөд 
+ 025 
2 _ 00145 ра _ [сно 
[ cmo, || ы 5+1 ~ мелгелі h 7 8 
8 
After second batch 
П [c 7Н605 1 [Cos ] 
[c 5 | 2 | C;H405 ] Kemos _ Ke-605 
С.Н 2 
Te52 25+ 555 25-45 (25-45) 
or, in general 
1 Се,н,о, CC no, Кс;н,о, 
[С5н,о. |, = nd и 1 л = ү! л 
Кено [x exl] | + Kono, Ут] 
TI Сс, H405 СС,н,о, 
[© H,O | T x 
716951, ү! | n LK yt n 
Ке 7H,O ЇЕ Tt 2171 | С,Н,О, 21 


with a similar expression for p-hydroxybenzoic acid. Using these equations we obtain the 
following results 
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% initial СНО; % initial C;H,O, 


in aq. phase in aq. phase 

1. 5 liter batch 

п=1, V'=5 44.45 2.44 

LN 
2. 22 liter batches 

п-2, V! 225 3787 0227 

5. 1 liter batches 

n=5, У\=1 3277 0.001693 

T 


Note the huge purification in five stages 


8.6-3 Regular solution theory 











(5-5) (5-5) 
шу, =V f TBI ; Iny, =У, 91 m 
Here 
VL =51 сс/шо! —óg =115 (са/сс)" 2 
Pech =97 cc/mol бес = 86 (са/сс)!? 
2 2 
97Хссі., (1 15 — 8.6) 
Inyg, = 51 
51x xg, +97Хссу„, | 1987 x 2.98.2 
2 
= 07239] —2Ч=хв) 
51xp, + 97(1— хв,) 
Thus 
Xpr 385x10? 96х10? 0.047 0.0923 0135 0177 0217 
у" 2.06 2.047 1990 1920 1856 1794 1736 
ха „ссы 
yh? = лы РВ 2938 298.0 3017 2988 2906 2940 2920 
Xpr 


8.6-4 Regular solution parameters 
Br V'-51cc/mol ó-115 (cal/cc)" 5 
CS, И" =61 сс/шоі 6-100 (са/сс)/? 
КТ ШУвь эн Vs. fes, (бһ, Е ӧс, y 
In CS, phase, let 
x = mol CS, /liter of solution; y = mol Вг, /liter of solution 


Assuming no volume change on mixing, we then have 


Т а 
0.061 


Now at 


extremes of Br, E = 0005 = х=1639 хь, -305х 10^ фе, =1 


conc. in CS, у= 0.0955 х=1631 хь, =579х10* фы “1 
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Thus we can take фе, = 1 over the whole composition range, and 


(115-100) 
1987 х 298.15 
ог n = 1214 over whole composition range. Now 


Inyg? -51хЇ x = 01937 


х I = aqueous phase 
К=— = 25 where . 
x oN II = organic phase 
П 
1_/‹ 
=» у = 
К 
where 
р moles Br; 
K- Хау, ш aqueous рһаве .. moles Br, +moles H,O 
~ ~ moles Br; 


Xp, inorganic phase — 79975 _ 
Br 8 р moles Вг; moles CS, 


Now we expect 














moles Br; 
moles H5O >> moles Br, _ moles H;O 
moles CS, >> moles Br, moles Bis 
moles CS, 
Data given in problem statement is for 
moles Br; 
K'- liter aqueous solution 
moles Br; 
liter CS, solution 
Thus 
18 liters 
К=К'= 1000 mol water — 0.2984К' 
76.18 liters ` 
1000x1.263 mol CS; 
Also 
CS, 
н.о _ "Be 


Ts = 02984K" 
From which we obtain the following 
у Хв, Уы. 
|16т /4т 1/2т 
0.005 31х10“ 5845 2345 
0.02 12x10? 6248 2436 1343 


003 18x10? 6551 2496 1365 


004 25x10? 2559 1388 
005 31x10? 2625 1413 
006 37x10? 2694 1437 
0095 58x10? 1501 


To infer a relationship between Уз and the salt molarity т I plotted Іп Уз versus In т and 


various powers of m using the data at у = 0.02. I found that the expression Inge” = Cm" 


gave a very good fit of the data. The parameter C is a weakly increasing function of the bromine 
mole fraction; I did not attempt to determine this dependence. 


8.6-5 Consistency relation between Р“? , H and solubility 
х;Н, = В хуу = ху; Бу? 
HET 
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For a substance above it’s melting point (liquid as a pure component) but only of limited solubility 


1 p"? 
sat, o __ © __ ЕЯ 

X; 7; 1,у; sat >H; sat 
Xi i 


Now in Table 8.6-1 data are for Hin GH} = R = Сух,Н; = x,H, so 


H, p ру” 
H; = bocs 1 — 1 : 
Сұ Cyx С“ 
Example 1: 1, 3 butadiene MWc 4, =48+8=56 
4118 
ү 281КРа 


Н! = > 
’ 735 mg/L х (12/1000 mg) x (1000 L/m?) x (1 mol/56 g) 











= 214 kPa/m°mol = 0.214 bar/ m^mol (compared to 0.2016) 
Example 2: 1, 2, 4 Trichlorobenzene MW, нс, = 72+3+3х35. = 1815 
Я 0.039 0.039 x 181.5 
77 488/815 488 
=145x10' kPa m?/mol 
-145х107 bar т? /mol (compared to 1.44 x 107) 
Example 3: Aniline 
PY® = 0.065 kPa = 65x10 * bar 
Solubility = 3.607 x 10* ppm = 36070 mg/L 
И 65х107 bar 
’ .3.6070x10* mg/L x(1 g/1000 mg) x (1000 L/m?) x (1 mol/93.12) 
65x10? 
© 36070 
= 1678x10* 21678 x 10° bar/ mmol (something wrong in this case, compare with 0.138) 


Example 4: 1, 2-Dichlorobenzene РУ? = 0.196 kPa = 196 x 10? bar 
Solubility = 156 mg/L; MW = 147.01 


S 196 x 1077 bar 
156 mg/L x(1 g/1000 mg) x (1000 L/m*) x (1 mol/147.01) 


= 0145 kPa m?/mol 








х 93.12 bar/ m? mol 


, 
1 





-185х107 bar/m*mol (compared to 1.2x 107) 


Example 5: Ethyl benzene P? = 127 kPa = 127 x10? bar; MW = 10616 
= 1275107 127x107 x10616 
' 16110616 161 


(compared to 8.96 x 10? ) 


28374 x10? bar/ m? mol 





Example 6: Napthalene Р“ = 11x10? kPa = L1x10 * Баг; MW = 12816 

_ 11x10 x12816 

" 317 

Example 7: Styrene РҮ? = 088 kPa = 88x10? Баг; MW = 10414 

yy 882107 x 10414 
310 


Н! 


1 


-445х107 Баг/ m? mol (compared to 50x10 ^ bar/ m? mol) 





= 2.96х10° bar/m! mol (compared to 285x10? bar/m’ mol) 
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8.7-1 


Let Ty, = normal boiling temperature of the solvent; Т, = actual (elevated) boiling temperature 


of solvent. At the actual boiling temperature 
A Ро = Л (Т, Р,у) = fE (Ta P) 


Since the vapor at the vapor-liquid interface of either a pure boiling species or, as here, a liquid 
with a nonvolatile solution is the pure solvent species. Now, 


Л (к,Р,®) = ху OAT P) 
So that 
i iP) 
A UP) 


ху (x)= 


апа 


„А (19Р) _ б1(1ь,Р)- Gi (Tp, P) 
fi’ (Ip, P) КТ, 





In[x, 1001 = 


Now following the constant pressure path below 


Т-Т, Liquid Vapor 
Т-Тхв На 
Liquid Vapor 
we obtain 
Т; 
АН“ (Тз, Р) = АН“ (Тув)+ | ACpaT 
2 
уар vaP ( АФ т 
AS"*(T,, P) = AS буд» | 20 
Тув 
where 


AC, = CL -C 


Since AG'P(Tys, Р) = AH“ (Tyg) - TggAS (Ту )-0. By equilibrium requirement for pure 
fluid at the normal boiling point, 


E АН““(7, 
AS (Tyg) = нэ мз) 
МВ 


апа 
AG""(T;, P)= agas 1-1 + fr. ас,ат-т |» Зат 
NB 
so that we obtain 


АНГ. Т, 1 т, АС, 
In x, (0) = Aa Zo) , АС ar-— Jp : Thr 
RT; Тув КТ, “Тв 


compare with eqn. (8.7-2). 
If AC, is independent of temperature we obtain 
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8.7-2 





уар 
шх (x) - E сал гай Туз n2. 


RT; Тв] К T, Ту 


Furthermore, for small solute concentrations 
(хі) = 1 and Inx = In(1- x5) = =x, 
so that 








ай _ AH™ (Typ) 1 Тв , AG 1 Тув In Тв 
: RT; Тув R Тв Тув 


and, when the AC, terms may be neglected 


АН“ (Тув) | Тув 2 Т, | 


КТув 


—xX, = 
2 
Т, 


or 


(75 - Тув) = АТ» „_КТвТув_ RIN _ 
| т AH (Тв) АН“ (Ту) 


boiling point elevation 


compare with freezing point depression equation 


2 
L-L- АГ =a 
АН"(1,) 


freezing point depression 


Since АНУ” > ЛА", it follows that the addition of a solute depresses the freezing point to a 
greater extent than it raises the boiling point! 


Since methanol, ethanol, glycerol and water all have -OH groups they are, in some sense, similar. 
Also, since no activity coefficient data are given, we will assume that the mixtures involved are 
ideal. [One really should go to the library and try to find activity coefficient data for these 
systems, or data from which activity coefficients can be computed or use the van Laar constants in 
Table 7.5-1]. Assuming ideal solution behavior we obtain, from eqn. (8.7-2). 


lnx =- 


AH (T y. T, - T, 
MIR а fa de 
БЭ 40 2 Xe sm 


Now АН?" = 6003 J/mol and from Problem 5.26 
AC, = C; — C? = (422-24) J/g°C x18 g/mol = 3816 J/mol? C 


Thus, for T 


m 


= (°С = 27315 К and T, =—12°С = 26115 











Inx, = 


6003 НЕ 38.16 ! 27315. т 27315 


H | = —0.1169 
83141 27315x26115; 8314 26115 26115 


Thus x,,; = 08831 to cause a freezing point depression to —12°С , that is, we must add 0.1169 
mole fraction of solute. 
Let y = grams of solute that need be added to 1000 grams H,O ; m= molecular weight of 


solvent. 
Thus we need 
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b 
x, = 01169 = —* ог у = 7.354т 
QE 





Now for methanol т= 32.04 y-2356g 
ethanol т= 46.07 y=3388g 
glycerol т=92.09 у=6772е 
are needed per 1000 grams H,O to lower freezing point to —12°С 


Note: suppose we took into account solution non-idealities ... since the van Laar 
coefficients for these systems (see Table 7.5-1) are positive, the activity coefficients with be 
greater than unity, and In н,о>0. Thus instead of In x4,. = —0.1169 we will have 


InXy,0 њо = 701169 or Inx,,. = 01169 — Ш не so that x4,o will be less than here, and more 


solute must be added! 

For these solutions the effects of nonidealities are not too large. Using van Laar 
parameters in Table 7.5-1 for methanol- Н,О at 259 , we find x = 0.881 (instead of 0.8831 
here), so that Ymen = 2404 grams/1000 g H,O (instead of 235.6 grams here). Below are freezing 
point depression data for various aqueous solutions (methanol and ethanol data from the 
Handbook of Chemistry and Physics, glycerol data from "Glycerol" edited by C. S. Miner and 
N.N. Dalton, Reinhold Publishing, New, York, 1953, p. 270-271). From these data we find that to 
lower solution freezing temperature to —12°С we need 16.5 wt% methanol (vs 19.1 wt % in our 
calculations), 21 wt % ethanol (vs 25.3 wt % calculated), and 35.5 wt % glycerol (40.4wt % 
calculated). 
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TSA eee rere, С. 


e Fe ae 32e #а EI en ҮЙ 


itr fo Saat reve 


8.7-3 Assume ideal solutions to begin, also neglect AC, term 





ахо = 


 AH^(T)(T,-T,| 6003 
R TT, 4.84 


27315- 


27315х 





2 
T; 


= (2 


‘og 


"C 
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Inxgg = 


х0 
1.0 


Н,О freezing out 


REAL 
Н,О 


1.0 
0.986 
0.942 
0.679 
0.756 
0.647 
0.549 
0.457 
0.368 


T; 


273.15 
272.63 
270.51 
267.78 
262.02 
255.78 
248.94 
241.31 
232.58 
222.22 
209.09 
189.90 
173.94 
145.55 








4.184 


109983 (26165-17; 
261.65 x Т, 


For nonideal solutions 


Хх = 





ideal 
X 


Ti, К 





280 


270 


260 


250 


240 


230 


220 


210 


EG Freezing 


Т; Хн,о 


179.41 0.0048 
201.55 0.0307 
212.86 0.0750 
225.52 0.182 
233.65 0.294 
239.78 0.400 
244.76 0.500 
248.99 0.598 
252.68 
255.97 
258.93 
260.32 
261.39 


Calc at —10°С 


H,O 


1.00 
1.004 
1.008 
1.024 
1.058 
1.082 
1.093 
1.094 
1.088 
1.083 
1.086 
1.110 
1.134 
1.163 








EG 












0.0 


freezes water 
Б out freezes 
out 
0.2 0.4 0.6 0.8 


Хн2о 


1.0 


EG 


2.265 
2.090 
1.628 
1.334 
1.096 
1.021 
1.001 
1.000 
1.004 
1.007 
1.006 
1.003 
1.001 
1.000 
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8.7-4 АН, = 10,000 J/mol 





x Т, component 1 
0 
‚05 172.34 
4 177.82 
2 181.73 
3 182.79 
4 182.92 
.5 182.76 
6 182.62 
7 182.68 
8 183.05 
.9 183.80 
.95 184.34 
1.0 185 
.99 
.98 
.97 
.96 
LLE 
хі 
Т- 195 К 0.458 
190 0.357 
185 0.304 
183 0.287 
180 0.264 
ПЕ Т. = 202225 = 19545 
28 2x8314 
х= 0.5 T=27315 
| | 6003 CAT 
given x = exp -——— -| ————— 
4184 \ 27315. T 


y-l-x 





10998.3 (S -T 


iven y = ex 
5 Ж | 4.184 26165.T 


T, component 2 


П 


0.542 
0.643 
0.696 
0.713 
0.736 


200 
199.23 
198.58 
197.62 
197.06 
196.82 
196.76 
196.69 
196.26 
194.71 
189.91 
183.52 
131.48 
167.5 
174.3 
178.42 
181.31 


J T-find(T) Т=241307 


) T=find(T) Т-244763 


J 


For comparison, we also show the results for АН, = эо. 
то 
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Temperature, K 





202 


200 


198 


196 


194 


192 


190 


188 


186 


184 


182 


180 





AH; = 10,000 






Component 2 
freezes out first 





1 ЦЕ region 
n does not \ 
! intersect 
1 

4 


ЗЕЕ гедіоп 


-” 








le = 





0.0 0.2 0.4 0.6 0.8 1.0 


х1 


~N Component 


1 freezes 
ut first 








Temperature, K 





200 


195 


= 
[<] 
о 


= 
со 
ол 


180 


175 


170 








АН; = 5,000 J/mol 











0.0 0.2 0.4 0.6 0.8 1.0 


х1 





Section 8.7 


Solutions to Chemical and Engineering Thermodynamics, Je Section 8.8 


8.8-1 System: : Р, energy balance: 
System: dU . . 1 dy! її ау! 
— =0+W, -P —-P —— 
} co dt dt 
entropy balance: 
205 
d Чаны 


Constraints: Ж; = 0, system is isothermal, Р! and P" are constant thus 


О 225 d | 
=Т——-Т$ е =—(TS)-TS, 
9 а! E" d ) ог 
апа 
I II 
40 _ 4 (TS) - Tipe _ РАЙ pn _ 
dt dt dt dt 
d ‹ d lp d Шуу 
= — (TS) -TSn -—(PV )-—(PV 
ar )— 75 a ) a 
> “(фы TS + Py! + py") = са TS sen 
dt dt 


where we have defined G tobe С” = U — TS + Ру! + РПУ". 
Consequently 


<£ == TS <0= С” = minimum at equilibrium 
t 


and 





G' =U-TS+ P'V' + РИ =(U'+U")-7(S'+8")- Ply! — Ply" 
= G'(T, P', N')+ G"(T, P", NT) 
only system variation possible is in NI and NI for all species i which can pass through the 


membrane. However, since № + №! = constant, dN? =—dN;. Thus 


Gre У NIGH(r, P x )- Y NIGH, pl XT) 


* еі I |I 
CE Ee 
ON; 
i /T,P,N pai Т.Р, М, 


апа 


ох 


1 


ОМ, 


1 


-| 9 (т,Р",х")-У, [ED 
a j 
T ТЕРІМ 


minus sign arises from dN” = —dN] 


Now both summation terms vanish upon application of the Gibbs-Duhem equation to each phase. 
Thus we have, at equilibrium, that 
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8.8-2 


әс” 1 т лү п П п 
2.28 “0-01Т,Р,х|-05(2,Р x 
‚Ж | ; | | | | 


ES G(T, P',x') 2 Gi"(r, P", x") 


for each permeable / species, or equivalently 
BT, Phx!) = /Цт,Р,х") 


Let C = number of components 
С, =number of components that can pass through membrane (clearly, C > C, ) 


The system consists of two homogeneous regions (that can be thought of as two phases), and there 
are no chemical reactions occurring. 
Since C+1 variables are needed to fix the thermodynamic state of a single phase, there are 
2(C +1) apparent unknowns here. However, we have the following equilibrium conditions: 
T -T' (relation) 
G; = G" fori=1, 2, ..., C, (65 relations) 
We also know the number of moles of the impermeable species in each cell (they are the same as 
in the initial state). However, since this is not information about an intensive property, it is not of 
help here. Thus, the actual number of degrees of freedom are 
F =2(C+1)-(1+C,)=2C-C, +1 
For a binary system, with a membrane permeable to only one of the species, we have 
Е=2.2-1+1=4 degrees of freedom 
Thus if we specify temperature, the two pressures, and one phase composition, we can, in 
principal, compute the composition of the other phase. Alternatively, as in the illustration in this 
section, we can specify Т, xl А xL „and Р', and then compute the value of РИ , needed to 
maintain equilibrium. 


8.8-3 (а) G(T, P.x) = G(T, P)+ f, RTInx =G, + Ту 


=> ф, lnx; = Inx; * Iny; 


“ (d; , - 1) lnx; = Шу, it 


(b) molarities of the salts in seawater are ш the following ratios: 


Paci Decii т асі, мо, 71: 00210: 00761: 0.0598 


since the major salt composition is NaCl we will, for simplicity assume only NaCl is present. 
When converting to mole fraction from ionic strength; that is, we will assume all 2, 2 1. Also, 
we will assume that the addition of sea salt increases the density of the water solution, but 
leaves the water molar concentration unchanged at 5556 moles/liter . In this case, 


5556 


Li a mE у 2 
75 5556127 e 
where / = ionic strength. 
Using the data in the problem statement, and eqns. (1) and (2), we obtain the results in the 
table below. 
To get the osmotic pressure, we use eqn. (8.8-3), or the equivalent relation 
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С. 


solvent 


IP ang 


solvent 


ТАРЫ 
Now 


G, (T, P, x,) = Goien ( T. P)+ 9,RTIn x, 


solvent Бид 

TI I H^ pl 

Са, Р )- Gave (Ts Р ) ян + оне P zu ) 

(where we have assumed the liquid solvent, here water, is incompressible), and we will take 
x! 21. Thus we obtain 


Соне T, PP) + ORT Ixy = б.а (Т.Р) > ORT In xy 








—solvent —— solvent 
П 1 П 1 
20 (Ск (Т, Р )- Е. Р )) = -V ave (Р ceu ) 

or 

y 
AP = P" — p! = - 6, RTIn —S— = -1378¢, In xl bar 
—solvent 
The osmotic pressure AP is given in the table below. 
I xf In x, шу, у; 0; AP(bar) 


05 0.982 -001784 0.00175 100175 09018 2217 
10 0.965 -003537 000299 1.00299 09155 44.63 
2.0 0933 —006953 0.00265 100265 09619 9216 
4.0 0874 -013453 -0.01262 0.9875 10938 2028 
6.0 0822 -019557 -004960 09516 12536 3379 


8.8-4 Тһе program VLMU is used for the calculations in this solution. No value of the binary 
interaction parameter k; for hydrogen containing mixtures are given in Table 7.4-1. Therefore, а 
number of different values will be tried. The results are given below 
Hydrogen-propane system at 80? С and 34.5 Баг 


Хн, 02801 04452 05935 07298 08215 
o 1283 1106 1058 1028 1033 

calc 
kac, = 000 1231 1020 
Б.с, 7020 1246 1020 


Кн. с = 067 1282 1145 1076 1038 1022 
2 3 


Hydrogen-propane system at 130° С and 34.5 bar 


Хн, 0.2649 0.4715 0.5449 0.7827 08354 
p°? 122 1116 1096 1047 1038 
calc 
ky c, 7067 1186 1017 


kac =080 1194 
нс =100 1205 
Кн c, =130 1223 1107 1080 1025 1019 
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Hydrogen-methane system at 130°C and 34.5 bar 


Хн, 0.2155 04594 05355 0.7901 08494 


9" 1223 1134 1125 1115 1121 

саїс 
Кыс =00 1029 1011 
Кыс 701 1032 1011 
ka,- =05 1046 1011 
ka,- =10 1063 1028 1012 


The most obvious conclusion from these results 1s that the Peng-Robinson equation of state does 
not fit the data very well unless very large values of the k; parameter, or binary interaction 


parameters, are used. Indeed, unrealistically large values must be used (i.e., of the order of 1, 
rather than the 0.1 or less for many other of the systems we have considered). The most probable 
reason for this is that the temperature function in the a(T) term of the Peng-Robinson equation of 
state does not represent very supercritical components such as hydrogen at the conditions here 
very well. In particular, the temperature function 


2т2 
а(Т) = 045724 ЫН a(T) ; (0(Т) = ndi- z) 


c с 





with x = 0.37464 + 154226% — 0269920? was obtained by (1) fitting data а long the vapor-liquid 


_ 80427315 


saturation curve (i.e., Т. < L0) while, for hydrogen we have 7, = 10.64. This is an 


enormous extrapolation, and undoubtedly greatly in error. Second, the acentric factor dependence 
of x was found by using vapor pressure data for argon and methane (œ = 0.0) and the normal 


paraffins (о > 0). Therefore, the use of this function with hydrogen (œ = —022) also represents 


an extrapolation. Since hydrogen 1$, probably, so poorly represented by the Peng-Robinson 
equation, it is not surprising that hydrogen-containing mixtures are poorly described. If this 
suggestion 15 true, then the hydrogen-methane system should be more poorly represented than the 
hydrogen-propane system since, in the former system, methane is also supercritical 


т В: 1853) | 
190.6 


Finally, we note that the sensitivity of the fugacity coefficient (or the species fugacity) to 
the binary interaction parameters 18 relatively low for the mixtures considered here in that large 
variations іп А produce rather small variations in би, . 


The solvent is unspecified, but we will consider it to be water, since water in the most common 
solvent for molecular weight determinations. Assume we put 0.01 g solute in 0.99 g of water. 
Then 


0.01 
MW, 


MM solute 
Xsolute = 0.01 0.99 
МУ, 18 


воїше 





where MW. 


solute = molecular weight of solute. Therefore 


М ше 100 1000 1,000,000 
Хоше 1815x107 1818x10* 1818x107 
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1) Freezing point depression using eqn. (8.7-5) 





2 2 
АТ- ЕТ» HW 8314 x 27315) Pils 
АН, 6025 
Thus 
МҰ. ме 100 1000 1,000,000 


АТ, К 0.1868 01871x10'! 01871х107 
п) Boiling point elevation 


f" 21013 bar = x P," (T) = PX®(T = 100°С) 


Assume In Ay? = A— 





B 
50 
+C 


In xy = In (7 = 100°C) - In Р“ (7) 














Inxy = In(1— xg) = —xs = 2 H 2 = В ! l 
(To +С) (Т+С) T+C То+С 
> -x = д in +C-(T+ o| 2 B(Tioo 20 
(+С) +С) | (Foo + ©) 
Assuming АТ is small, so Гапа Лоо are not very different and 
2 
АТ =Т-Тоо= шилж 
For water, from Reid, Prausnitz and Sherwood, 
2 
In Ry? (mmHg) = 18.3036 GLO. ; so AT = х Е бавы 
Т(К)– 4613 381644 
МҰ; 100 1000 1,000,000 


АТ, К 0.05086 5094x10? 5095x10° 


БЕ : RT 
ш) Osmotic pressure: AP = 2 оше eqn. (8.8-6) 


solute 
_ 8314x10? bar m?/mol К-29315 К. x, 750 mm Hg/bar 
18 cm? /mol x 1079 m'/cm? 





— AP 


муу, 100 1000 1,000,000 
AP(mm Hg) 1843 1846 01846 


Summary 

Freezing point depression: can easily be used for MW —100, may be possible for depression 
MW = 1000; not likely to be usable for MW = 1,000,000 . 

Boiling point may be possible for MW = 100, difficult or impossible elevation for 
MW = 1000; not possible for MW = 1,000,000 

Osmotic pressure: Measurable AP for all cases. Possibility of finding a suitable membrane very 
doubtful for a substance of MW —100 or 1000, very easy for a protein or polymer or other 
substance of MW = 1,000,000 (1.е., filter paper). 
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8.9-1 (also available as a Mathcad worksheet) 


8.9-1 
kow:210 ? ^ ksedw:204-0.05-1.3-kow 


ksedw = 8221922* 10? 








Section 8.9 


ksw :2 0.4-0.02- 1.5-kow 


ksw = 3.794733*103 


227) T 
EL E equilibrium 
-14201 15-7210? solubility gam:;-.l ват = 1.388889-108 
1000 XS 
18 
H:=2-10 7-1.013-ват Н = 28.138889 — bar/mol frac 
H 
kaw := 0.2164 ——— kaw - 0.020423 
298.15 
cw:203-10? 9/9 water or cw:203-10?^  g/m^3 of water 
cb :20.05-kKow:cw cb = 4.743416 g/m^3 water or 4743 ppb by weight 
= N i 
са ‘= kaw:cw са = 6.127039• 10 е кора 
cs iz ksw:cw cs = 1.13842 g/m^3 of soil 
cám — 98 cs -7.589466:10 7 9/9 soil or 0.7589 ppm by wt. 
6 
1.5.10 
csed := ksedw:cw csed = 2.466577 О/т^З of sediment 
csed -6 | 
csed ‘= csed = 1.897367* 10 g/g sediment ог 1.897 ppm by wt. 
13.10 
8.9-2 (also available as a Mathcad worksheet) 
8.9-2 
1:20..3 LKow, 1= 5.52 LKow, = 5.16 LKow, ‘= 3.66 LKow, 2331 
5, =27 5, 140 5, ‘= 7000 5, := 40000 


S;:-S.10^ solubility in g/liter 


LKow. 
С; :=0.05-S,-10 ! 
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4.47-10 ^ 
101210 > | NOM 
С = _ Fish concentration in g/liter 

16:10? 

4083103 
0.447 

CP. := С,-1000 
СР- 1.012 Fish concentration in ppm 

1.6 
4.083 


8.9-3 (also available as a Mathcad worksheet) 
Water =4 m?; 
fish 2200 cm? = 2x10’ cm? x 10? тст =2х107* тш 
Soil 23 т 
air -10-4-3-0/0002 = 29998 m? 
(a) Benzene 
vapor pressure (25°С) =0.127 bar 
solubility in water (25°С) =0.0405 mol 96 
sat, 0 oo 1 3 
XP Ys -15 ү -ooo ыы 
Hg — Y^ B"? = 0127 х2 469 x10? = 313.6 bar/mol fraction 
0.2164 
298.15 
log 19 Куу = 213; Куу = 135; Кру = 005x135 =6.75; 
Ksw = 04 x 0.02 x 135 = 1.08 
By a mass balance 
10x 10° g=4 mi oCpg o +3 зи Св, зоп 29998 т? air x Cp air 





= 02276 


32x10 7 mi X CB, fish 

= 4Св,н.о (g/m?) F 3K sw Св,н ‚о (g/l 0° 8 soil)15 

42.9998 m? air x K wCg jo 

42x10 * m? Къу Св,н,о (а/ш? в) 
10x10? g 
= Cp.y,0(4 + 3X 108 x 154 2.9998х 022764 24 х107 x 675) 
Cp.u,0 = 1048 x10? g/m? 21048 ppb; in water 1 g/m’ =1 ppm 
1132 x 10? g 
10% gsoil | 
Свши = 02276 x 1048 x 10? = 0239 х10 g/m’ 
Cy sgn = 6.75 1048 x 10-3 = 7.074 x10. g/m? 


Са, = 108x 1.048 х10 = = 1698 1073 g/m? 
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Section 8.9 
(b DDT Kaw ppr =95x10~ 
Kow.ppr = 1549 х 10° 
Proceeding the same way 
Съртн,о = 1793x107 g/m? = 1793 ppt 
Coptair = 3.332 x 1077 g/m? 
Сұртла = 13883 x 103 g/m? = 1388 ppb 
8.9-4 (also available as a Mathcad worksheet). 
8.9-4 
10? | 
Kow := 224 Руар :=3.— фаг $:=440 mg/liter MW := 157.5 
750 
T 
х= De X= 5.029-10 > mole fraction of CINO2benzene 
1000 
18 
Gans Gam = 1.989» 104 H :z Pvap.Gam Н = 0.795 bar/mole fr 
X 
Mass balance: 100 kg = CW*7*10^6 + CA*6*10^9 + CS*4.5*10^4 + Csed*2.1*10^4 
Equilibrium relations: CA-Kaw*CW Кам/=0.2164*Н/298.15 
CS-Ksw*CW | Ksw-0.02*0.4*Kow*1.5 (g/m^3)/(g/m^3) 
Csed-Ksedw*Cw | Ksedw-0.05*0.4*Kow*1.3 
Ksw := 0.02:0.4.Ком: 1.5 Ksedw :=0.05:0.4:Kow: 1.3 Kaw 02164 H. 
298.15 
Ksw - 2.688 Ksedw - 5.824 Kaw = 5773: 104 
буле (100-1000) 
(740 + 6-10° Kaw + 45-10 Ksw-- 2.110 Ksedw) 
Cw-9339-10? — g/m^3 or9.339 ppb by wt 
Ca: Kaw.Cw | Са-5392109 | glm^3 
= » ^ 2. 1000 E 
Cs :=Ksw-Cw Cs - 0.025 g/m^3 ог Cs :=Cs—— Cs = 16.736 ppb by wt 


Csed :=Ksedw-Cw Csed = 0.054 g/m^3 or Csed = Csed: 100 
1.3 


Csed = 41.84 ppb by wt 
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8.10-1 This is a simple algebraic exercise, so the details will not be given. 


8.10-2 The starting point for the liquidus line is 


ENSE 


L Y) (x?) RT pP 


T 
"———————Á— 2203-05-20 А _ —— 
1 (n) 2020) f ES yin) == | X 
MI (x; ) RT Lo V(x) ) RT 155 


and for the solidus line is 




















S(..S fus 
1- үй) exp Aa) (7,2) |- zl 
E Y2 (xi ) RT 1,2 
AG), | Aaa), TS), | Ан Gad, 1 
гг) RT т || yet)? RT Т, 
MI (xi ) mj yil ) mj 
a) Regular solution model for the liquid, the solid phase 15 ideal 
the liquidus line is 
Oo(1— L 2 АН? Т 
1- expl 01-50) ехр АН, (1,2) 1--L. 
L RT RT Тл? 
“7 То х0) [АН (Т) r о(х) | [amMmJ[ т 
exp ———— — | exp =" 4] —— | –ехр exp ————2— 41 — 
RT RT Тл АТ RT Т, 
and for the solidus line is 
Q(x") 


1-ех 





2 
АН"ЧТ 
exp|- — m) 1— Т 
RT RT T 


o(1- 3L). | АН (Tp) | т | (ағ) | АНЁ“(Т„») | т | 
ех хр--э---5 (| --3 | XD ехр|- == b= 
АТ RT Tel RT RT Tn 


m m 


5 — 
x, = 





So these nonlinear equations must be solved simultaneously for the liquidus and solidus lines, 
together with the equations for the second component, and that the sum of the mole fractions in 
each phase must be unity. 


b) Regular solution model for the solid, and the liquid phase is ideal 
the liquidus line is 


Е 


Oo(1— S 2 fus 
1-ех Elo л) ox лж ший | 
RT RT Та 
J| e-s) pues | г} api) quae | т | 
exp — exp —— — 41-7 |— exp -———— exp ———— —41-—— 
RT RT Ds RT RT 1,2 
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Q $ 2 А НЕЗ Т 
шош) ox быт! 
RT RT [um 


- [20-5 „а быт] Oi) та 
1 2 


RT RT T, RT RT T, 


m, m, 


and for the solidus line is 





S 
м = 


So these nonlinear equations must also be solved simultaneously for the liquidus and solidus lines, together 
with the equations for the second component, and that the sum of the mole fractions in each phase must be 
unity. 


c) Regular solution model for the liquid and the solid phases, but with different values of О. 


The liquidus line is 
гү sy us 
ca ©, (1-27) -9. (1-55) eq (Т) h- T | 


КТ КТ 


T О) о) ЕНЕ alt - osx) е T 


RT RT 


L 
м = 


and for the solidus line is 


Again, we have a set of nonlinear equations that must be solved simultaneously for the liquidus and solidus 
lines, together with the equations for the second component, and that the sum of the mole fractions in each 
phase must be unity. 


8.10-3 (also available as a Mathcad worksheet). 





Problem 8.10-3 File: 8-10-3.MCD 
х11:=0.1 x12 :=0.9 Т:-225 TUC:- 5000 TUC - 300.698 
2.8.314 
Given 
2 2 
mien 5000-(1- x11) =x12-exp 5000-(1- x12) 
8.314-Т 8.314-Т 


к i әзер SE 


(1- х11) -ехр 
8314.T 8.314-Т 


у ‚=Нпа(х, x12) ou 0.111 
0.889 
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T :=250 


Given 
2 2 
xii 5000-(1- x11) =x12-exp 5000-(1- x12) 
8314. T 8314. T 


5000-( x11)? d 


(1- өрең ka- unes 


8.314-Т 8314-Т 
у ‘= find(x1l, x12) ЭЭ 0.169 
0.831 
Т:=275 бн 
2 2 
кер 2001-5171 „| 5000-(1-— x12) 
8.314-T 8.314-T 


5000-( x11)? xd 


(1- өрең ka- <2) <9] 


8.314-Т 8.314-Т 
v :=find(x11, x12) оо 0.256 
0.744 
цэс Given 
2 2 
0 5000-(1-х11) =x12-exp 5000-(1- x12) 
8.314-T 8.314-T 


5000-( x11)? е 


(1- өрең ka- <2) <9] 


8.314-Т 8.314-Т 
v ‘= find(x1l, x12) = 0.306 
0.694 
о Сіуеп 
2 2 
xll-exp 5000-( 1 — x11) йыр 5000-( 1 — x12) 
8.314-T 8.314-T 


5000.(х11)? 


83147 


5000-(x12)? 
8.314-Т 


a-a ka- <2) <9] 


у :=find(x11, x12) _ | 0339 
0.661 
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Цас Given 


2 2 
хар 5000-01 x11) =x12-exp 5000- ( 1 — x12) 
8.314-Т 8314-Т 


2 2 
a- чи [IP La ay у 
8. 


314. T 8.314.T 
у :=find( x11, x12) ae 0.418 
0.582 
ee Given 
2 2 
зәр 5000-1- x11) жкі2-ехр 5000-(1- х12) 
8.314.T 8.314.T 


2 2 
(азар ОО ati артын ЗОО): 
8314T 8.314-T 


у :=find( x11, x12) i 0.458 
0.542 


8.10-4 (also available as a Mathcad worksheet) 


Solid-liquid phase diagram: 
Given: Q = 10,000 , Т, , =800К , 7, 


liquid phase ideal: 
— solidus line 


> = 600K; AH; 26200 J/mol; АН! =4900 J/mol . 


^m, 


HÉ T 
S m, 
XQ —н к 
АНІ T : 
yi ex RT 1— ТІС 
т 











т) Yo 


liquidus line 





ү 
f EE (2) 
i ПАЯ ту [ABT 7 
= exp = 1- — [t-—xeXpj———|1-—— 
Yı RT Тл Сү» RT Trn, 


Start with Equation (1); pick хў ‚ find Т 80 that (1) is satisfied. Use T, x in (2). 
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To find solid-solid equilibrium, use 


78,1 __ FSI Sh, SI _ SIL SII 51,512. 5,5 
Л” =Л э ху; = Х| ү and x" yy =x; Үз 


Q = 10000 
x T; Т, Liquid – Liquid Eq. 
0.0001 599.95 599.73 Т x xr 
0.05 573.39 476.34 300 0.021 0.979 
0.1 543.92 387.62 350 0.041 0.959 
0.2 480.02 350.42 400 0.070 0.930 
0.3 418.14 366.34 450 0.111 0.889 
0.4 378.88 376.07 500 0.169 0.831 
0.5 393.54 372.61 550 0.256 0.744 
0.6 458.60 351.32 600 0.458 0.542 
0.7 545.01 290.99 575 0.322 0.678 
0.8 635.78 601.4 0.5 
0.9 722.65 
0.95 762.83 595.06 


0.9999 799.93 799.59 


0.975 781.83 698.52 
0.925 743.08 472.85 


10000 


uw 958314 


LI IpI 
xy = му 


(1- хур = (0 -xDy 


= 601.40 
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х 
Ф 600 
= | 
$ 
o 
©. 
Е 500 
Hr 
400 
5152Е 
300 
0.0 0.2 0.4 0.6 0.8 1.0 
X4 








8.10-5 
ex Q 
G^-xxQl1-xx,——/| so that 
RT 





N,N, <: М, М, = NN, о NN о 


МС“ = ег EE ee Е 
— М+М, (N,+N,) ZRT) М+М, (N,+N,)° ZRT 


эх G^ 1 М, | NN, b- 2NN2 _ зм? Іш 
ƏN, Атам (NN) (No N))' | ZRT 











NN, (М+М, 





о: о: 
-(х,-хх)О [x 3x, x5 I -х1-х)0- ХХ 12- on) ap 


Q? 
ZRT 


oN G^ 








КТ шү, 4 | -ХО-ххД2-3х1 
Т,Р,М, 


1 

and by symmetry 

oN G^ 
ON, 


Q? 
ZRT 








RTIn y, 4 | -x9-xxzD-3;] 
Т.Р,М, 


8.10-6 (also available as a Mathcad worksheet). 
8.10-6 


Treat as freezing point depression problem and use Eqn. 8.5-12. 


1:=0, 1..9 xs-T1- 0.141 
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T, '= 1410 T, : 1385 T, = 1350 T, = 1316 T, := 1290 T, := 1278 
T, := 1261 T, = 1242 T, = 1215 T, = 1090 
ACp(T) := 26.606 — 23.932 — 2.469-10 ^T + 4.142-10 ^. T? В:=8.314 
АН := 50626 Tm := 1410 
қ T Т. 
2 
Term2, D. АСрбуаж” | аша ACPO) 4 
i “Тш ! R x 
Tm 
Т. 
Terml. := сан -| 1- | Tem2, + Term3. 
Г 8314T, Tm i ; 
ү серен 
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8.11-1 Clearly, it is only water that condenses out at the dew point, since O, and М, 


are far above their critical temperatures. Thus, at the dew point 








Fio УноР= ос partial pressure of H,O in air. 


[In writing this expression, all fugacity coefficients have been assumed equal to 
unity. ] 
From the data in Problem 5.12 we have, at the dew point, 


va 54328 
In Вур = 263026 - — —  — = 78086 
: 273.15+ 256 
and 
ВР, = (dew point) = Ао = 24618 Pa 


at the air conditions ВТ = 25.6° С) = 33549 
Bo = BYE (T= 208°C) 
Fy oll = 25.6°С) 


— relative humidity = х 100% = 73.38% 


8.11-2 Equilibrium condition for V-L-S equilibrium: Яо = Жо - Ло where 


zV 

Ун,о = Уно Fim 
fii 
Ўн, 
[Here, again, we have neglected all fugacity coefficient departures from unity.] 

Now, in fact, we know that at normal pressures the liquid is the stable phase above 
0°С and the solid at temperatures below 0°С. Thus, liquid droplets will stable at 
saturation conditions above 0°С, and water (ice) crystals will be stable at 


saturation conditions below 0?C. 
At —25°C (248.15 K) апа P= 1/2 bar, we have, for equilibrium with the liquid 


vapor pressure of liquid water 


vapor (sublimation) pressure of ice. 


eq, Lb _ 
Уно = P 
atm 





о _ Р“ (water) 
^. 05 bar 


= 1644x107 
[from equating fiko = fol 
For equilibrium with the solid 


aps. P aca) 
Ун;0 0.5 Баг 


[from equating Тив - fool 


= 1268 x10? 


Thus, if the relative humidity (with respect to equilibrium with the liquid) is only 
(1268 x 10°7/1.644 x 107) x 100% ~ 771% the ice crystals will be stable. At 


higher relative humidities it is possible to have water vapor in equilibrium with 
liquid droplets in a metastable state, at lower relative humidities the ice crystals 
will sublime. 
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8.11-3 We will assume, since Hydrochloric acid is a strong acid, that the HCl molecule 
will be completely ionized at all concentrations. 
Let у = wt% НСІ; 100 — y = wt% of H,O . 


mol НСІ/100 grams solution = —— 
365 


100 — 
mol H50/100 grams solution — x 





2 
mol H*, СГ ions/100 grams solution — a 


100- y)/180 | 2.278(000— y) 


mole fraction of water = и 
(100 — уу 80- 2у/365 20278(100 — y) - 2y 


Mole fractions for each solution are given in the table below. 
Next, we use the partial pressure (vapor-liquid equilibrium) data. For water, we 
have 


Жұ =f => хи why? = Ву, 


where, again, we have neglected all fugacity coefficient corrections. Using, from 
Problem 5.12, that for In RP= 263026 —5432.8/T inPa; for bar 


In Ву? = 14.7898- 54328/T and from the problem statement that 


B 
In By = 23026 4-2) 


we obtain 
1 
ІшхуУу)-(2.30264-1.47898)- 754328 —2.3026B) 


From which we obtain the following results: 


y Xw Іш(ху/Уу) XwYw Yw = XwY / *Xw 

10 0.9012 —0.19172 0.82554 0.9160 (0.8707) 
20 0.8022 -0.53917 0.5832 0.7270 (0.6472) 
30 0.7029 -1.16719 0.31124 0.4428 (0.3770) 
40 0.6033 -2.12638 0.11927 0.1977 (0.1585) 


Note that the activity coefficient for water is significantly less than unity. 
[Numbers in parentheses аге “үү, calculated assuming НСІ not ionized.] 


8.11-4 Equilibrium between water in air and water in aqueous solution requires that 


Жо = ГЭР, . Neglecting fugacity coefficient corrections, we have 
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eL os уар _ 
Jao = хн,оҮн,оЁн,о -424Хң,оҮн,о bar 
Tentry in table for 
0 wt% Ма›СО» 
AR а = 
Јн,о = Уню Рр) = УноР= fijo 
=1 
Pao 


------, for P, , in bar 
424хң,0 Но 


= Yu,0 = 
Let W = wt% Na,CO,; ММ, со, = 106 g/mol 


W 
moles Ма›СО»/100 g solution = Ше 


3W ( assuming Na;CO, is 
E нн ionized | 
100-6 

18 


moles ions/100 g solution = 


moles Н,О/100 g solution = 


: (100 – W)/18 100-66 
mole fraction water = ————————-————— = ———————— 
(100 — W)/18 +3W/106 100-0.4906// 


Thus 


Py 2000-0.4906/) 
Ymo = 424(100 — W) 


Values of Y н.о calculated from above equation are listed below: 


Ww 0 5 10 15 20 25 30 
Ry, (kPa) 424 416 405 395 384 371 352 
Уно 1.00 1.007 1.010 1.015 1.021 1.023 1.011 
Хад 1.0 0.974 0.946 0.918 0.887 0.855 0.821 


Уно (assuming 1.0 0.990 0.974 0.959 0.944 0.924 0.891 


Ма,СО, did not ionize) 


8.11-5 x, = mole fraction of air in water (liquid) 


Ры _ 01333kPax10° Pa/kPa 


Хх. SS Á—_——_ ЕЕН ЕЕЕ 
IX arx a/ bar 
“НО 43x10! barx10° Pa/b 
Henry's 
law 
constant 


= Хн,о =1 (Do not have to consider air trapped in water) 


= 03х10” 


At equilibrium 
ZL 28 тү 
Jao а fao = Ун,о : 


уар sub уар 2: 23 
=> Хн,о Қо Рн,о Ун,о? Pa 50 Since Хн,0 -1 
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[Note: Because of the low pressures involved, we have neglected f / P terms and 
Poynting corrections. ] 
For comparison, in an air-free measurement, we have 
Pee, = Bil = Bs 
where Рр 15 the true triple point temperature. 


Since Ayo = 5, has to be satisfied in both cases, we would obtain the same 


triple point temperature in both the air-free experiment, and the measurement with 
air. 

In the air-free experiment we measure P= Fj o and get the triple point pressure. 
In the experiment with air we measure P= fijo + А. and, mistakenly, assume 
this is the triple point pressure; actually Юс is the triple point pressure. The 


error, AP, is equal to the partial pressure of air; here 0.1333 kPa. Thus, we have 


AP x100 = 0.1333 


T ————х 100 = 218% 
Hio 0.6113 


% error = 





[Note: From the Steam Tables, triple point pressure is 0.6113 КРа.] 


ex дс” 9 mex тех 
5 1 1 эт 1 X E 21 Таб i Ес } 


RT{ x Iny, + x,Iny>} 
Pax 


= -RY x Iny;- RTY x (RE 
Pax 
ә(с°/т) 9 
ex _ 72 m ш 2 : 1 
--Т EM RI Уху, 


8.11-6 





ӘТ 








Pax 








ас“ 9 шүү, 
Г“ = 2 RTI RT 
B E ) - ӘР), 18 К 54% | Tx 
" 7 E: olny, Эту, 
И“ = Н - PV™ = – ВТ? 1----- - РЕТ : 
ye Н“ P x т) репу (9з). 

--ВТ), Ж (2ши) ШЕТІ 
р aln T Pax OlnP Т,х. 

ЭН" olny, 2 9? In y, 
GE =|-= --2RT) x, Ше ; - 
(Sr) Ө m Y). 


8.11-7(a) Since tartaric acid is a weak acid, we will assume it is not ionized. Letting 
2- grams of tartaric acid per 100 grams of water, we obtain 
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mole fraction 2/150 
хт = =1 


= = $ Xy =1—Х-. 
T' of tartaric acid 2/150+ 100/18 ^V қ 


At the boiling point we һауе хұууБу”-Ву-1013һг. Thus, 


Үү = 1013/x,, Ру? . The results of the computations appear below. 


2 Хт Ху, Yw 
87 0.0945 0.9055 0.9445 
177 0.1752 0.8248 0.8744 
272 0.2461 0.7539 0.8105 


Thus, solution is not ideal. 
(b) Now we use Eqn. (8.7-2) 


AH T) Tac 28: AC. о Tn 
DIESES) - MD E T Lie зш 
т ў 3d f 


From Problem 5.26 
Cp(liquid) = 4.22 J/g °С 
Cp(solid) = 2.1 J/g °C 
Also, from the Chemical Engineers Handbook АН" = 6008.2 J/mol. Let 
y= Т„/Т; ‚ We obtain 
- 2 T 1 Т Т 
ІШ сәз сыш ME =] a ]- "ут" 
8.314 x 273.16| T, 8314| T. T 
In(xyYw) = —2.645 [у - 1]+ 4590[1 - y+ Iny] 


= AC, = 3816 J/mol °C 


Procedure is to use the data tabulated above to obtain the product xy, and 


then compute y by trial and error. Below are the results of solving the 
equation above, and also of neglecting the AC, term, i.e., solving 


(хуу) = 2.6457 [y - 1] 


T, also T, also 
2 х : 
v AT with AC, term AT without AC, term 
87 0.9055 -15.95 С —15.25° С 
177 08248 —33.76 —30.03 
272 0.7539 -49.99 —42 88 


8.11-8 (а) Imagine the separation process to occur continuously, as below: 


x4 moles of pure species 1 
1 mole of mixture 


Xx; moles of pure species 2 


ом 
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Mass balance: 0-1-хХ,-Х, 


Energy balance: 0= H aix —x,H,-x,H,+O+W 


Entropy balance: 0 = S nix – 15, —%2S5+ 26 

0 
Subtracting the product of temperature and the entropy balance from the 
energy balance yields 


0-(Н,,- TS ix) XH, -T$) - (Н, F TS,)+W 











or 
W = “(ба 74 с, е »G;j = -AG pix =-АТ Ух In x, =" 
i-1,2 
Thus 
W = -RT[x, Inx + x, ln x]- Ахух» 
апа 
Q z2 -ИИ Ну -xH, ps x4 H;] = Зен" 
However, 
ә(с°/т) C E ER 29167 
әт |, Т^ м or\ Т 
Мулан ин Ахух, G* > 5 0 
Therefore 
Q--W-H" = +ВТ У xemx-G"-G* 
i=l, 2 
ог 


Q= RT{ x Inx +x, Inx,} 


(b) W-02 RT(x Inx +x,lnx,)=-4xx, or 


T| —Ахух» 
7-9 [хах +x ах 


uc. 4 
Upper consolute temperature: 7 = FR 
For an equimolar mixture 
-4((2Х/2) а т 


Лу” [/2)(/2)]х2  4RIn2 22 
and, for this case 

UC 
= pre = 


=-АШ2. == 
9 21n2 2 4 





(c) If A is a function of temperature, then 
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W =-RT(x lnx + x, шх,)- Ах, 
as before but 


OA 
О = RT(x, In x, + x) In xj) xix; — 
or Р,х 


and, for W -0, we have, as before 
AJAR 
Т---- 
In2 


A 
but ТСС is no longer equal to — . 
2R 
8.11-9 At equilibrium Gi(T, Р,х!) = G"(T, P, x") ; i=], 2 and along the equilibrium 
curve 
dG; (T. P.x )= dG"(T, P, x) ; i=1, 2 


Treating T, P and one mole fraction as the independent variables in this binary 
system, we obtain 





“1 
dG} = -S'dT+V,'dP+ Ё G: ys 


x 











aci i=1, 2 
dGj! = Sla УЛаР+|——— uy, 
9» 
Equating ас! апа dG" қ 
әсі! _ = әс" 
-—5;4Т+ ДА E | ix = -Stur eiu | 2 dy, i=l, 2 
“Jr, P ду T, P 


Now multiplying by у, , summing and rearranging gives 
2 — — 
= (5 -5, атау у{И'-Ё, ЕР 
ігі 


; әс! 
= У; 1 ау ==: 4 : | ах 
L Әу А cL Ox Jr p 


=0 by the Gibbs- 
Duhem equation 


E » =й "ар =) (5 - Si" )ат- Y (22 | dx, 
Т,Р 











1 

1 
м 
Since x's and y's are mixed, 


the Gibbs- Duhem equation 
does not apply 


Since б! =G", ні ы H" -— 15" or 51—51 =(Hi-H)/r. 
For vapor-liquid equilibrium, with phase I = liquid, and phase II = vapor, we have, 


at low and moderate pressures, that 


i. ШЕ = RT 
py >", and үл "TP 
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Therefore 


и. (28) 
lo р P2 bxH-HyWr-Y» Эх, Ёо 


1-1 1-1 





—КТа InP АН for уу moles 
component 1 and 
Уә-іІ-у| moles of 
component 2 from solution. 


1 2, (ӘС, 
= -RTdln Р=-—АН\°?аТ- уу, —| dx 
Т ї=1 м Т,Р 





ӘшР\ AH" 
Әт) RT 


8.11-10 (а) Start from the Gibbs-Duhem equation for each phase 
-SFaT« VFaP +Ý хаб =0 
where K designates the phase, and is equal to I, II or III here. The criterion 
for equilibrium is 


G! = С! = с" = С, (no need to designate phase оп G,) 


1 


Along the equilibrium coexistence line 


ас! =dG" = ас" = d | 


1 


Also, the pressures are equal in each phase as are the temperatures. Thus, we 
have the three equations 





dP dG, G, 
TM бу 
— dT aT ат 7 
pue ander. x dG, 2g 
^ dT ат ат 7 
шар шаб ош _ ош 





ин м 2 2 
dT dT dT 
However, 
G - HF -TS* - Y х6, 2 TS“ = HF -Y x^ G; = (H* -G;) 


Using this result gives 


P С. 1—ү\ 1 — 
Уа) УЯ ; K=1, 2,3 


i 


or, in matrix form 
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24795170) р Gv oq 2 
ү" + x! | LHLa) xl | 24 4-3 У хин! 
үш dT ш(47 T ш |47 T T у ШШ 
p, 2 x; H; 


Thus, we have 3 algebraic equations for the three unknowns 
БИЕТЭРЕЫГ 
ат ат Т ат Т 
: : ар . 
Using Cramer's rule and solving for т gives 
> «4 4 


1 ERR 
zY xul x! xl 
T i i 1 2 


1 
cy muri EL х! 
Т 1 1 









= 





ар 
ат У м x 
II II П 
У м х 
Ш Ш Ш 
XI 


This type of relationship was first derived by Gibbs. 
(b) The Gibbs Phase Rule is К=С-Р-М+2 
1 For liquid-liquid miscibility (only one liquid phase) 
Р= 2 (vapor, liquid), C22 and М =0 


Е-2-2-0-2--2 degrees of freedom. 
Thus if, at fixed temperature, the liquid phase mole fraction is varied, the total 
pressure will change. 
i) liquid-liquid immiscibility (two liquid phases) 

Р-3 (vapor + 2 liquids) 

Thus 

Е-2-3-0-2-1 degree of freedom 

Consequently, at fixed temperature the two phase compositions and the 
pressure are fixed. Varying the average mole fraction would change the mass 
distribution between the two phases, but would not change the composition of 
either phase or the total pressure. That is, when two liquid phases and a vapor 
phase exist in a binary mixture, the equilibrium pressure depends only on 
temperature and not on average composition. 


8.11-11 Types of equilibrium that could occur are: 
1  solid-liquid 
i) liquid-vapor 
iii) solid-liquid-vapor 
iv) solid-vapor 
We will assume 
i) Ideal solutions > fe =x, Б 


ii) Ideal gas phase Ex =УР 
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11) That oxygen and nitrogen are immiscible in the solid phase. Thus 
ғ 2 з = ps 

For vapor-liquid equilibrium, we have F = f >x P® = y P 

For solid-liquid equilibrium we have f° = f} => Р" = x pv 

Calculation of solid-liquid equilibrium: 

1) Assume N, is the solid phase in equilibrium with the liquid 

2) Choose T, use data in the problem statement to calculate n and Py D , and 
хм, = HP | күт 

3) Repeat calculation for other values of Т 

4) Repeat calculation assuming О, is the solid phase, and calculating 


ci ud 
5) Ateach composition, determine which solid freezes out by determining which 
results in the highest melting temperature. 
[In this calculation, the tabulated vapor pressure and sublimation pressure data 
were plotted as In P vs ИТ, and this graph was used for interpolation.] Some 


results are shown below: 


TO PCT) БТ) =w, ТК) nmn = Xo, 
34 0.126/0.4467 0.2282 4546 3.8933/5.5733 0.699 
38 1.806/4.7867 0.377 47.620 10.560/13.733 0.769 
420 15427322533 (0478 500 29.867/34.000 0.878 
46 89.827/154.80 0.580 526 78.667/84.000 0.937 
50 390.93/572.93 0.6820 54.35 1.0 
54 1356.8/1733.7 0.783 
58 3934.7/4471.2 0.880 
€) 9873.3/10136.5 0.974 

63.2 1.0 


Since the sublimation and vapor pressures below the normal melting point are so 
far below the total system pressure of 1 atm (1.013 bar), we do not have to 
consider either solid-vapor or solid-liquid-vapor equilibrium. 


For the calculation of vapor-liquid equilibrium we use х Р"? = у Р and 
У x; E"? = 1013 bar. Thus 


P= xy, RE + (1— Хү, БУР = Р- РУ? = xy, (RP — Р?) 


Therefore 
Р-Р? 
Ху, Е | 
№ 02 
апа 
Жолы” 
Ук, = ESO 


and the procedure is to choose Т, calculate Дү” and Б)”, and then xy, and 


Ум,. The results are given below: 


(К) 
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77.5 80 
1.333 1.849 


0.2187 0.3147 


Т 755 
Ра 1.013 


ру 
xy, 10 0713 0455 
yw, 10 0938 0830 


82.5 
2.467 


0.288 
0.700 


85 


3.284 
0.4267 0.5867 


0.158 
0.512 


Section 8.11 


87.5 90.1 K 


4.200 bar 
0.7600 1.013 bar 
0.074 0 

0.305 0 


Below is the vapor-liquid-solid phase diagram for O, and N, determined by experiment 


(B.F. Dodge and A. K. Dunbar, J. Amer. Chem., Soc. 49, 501 (1927); B. F. Dodge, Chem. & Met. 
Eng. 35, 622 (1928); M. Ruhemann and B. Ruhemann, “Low Temperature Physics", Cambridge 
Univ. Press, London, 1937, p. 100; апа В.В. Scott, “Crogenic Engineering", Van Nostrand, 
Princeton, 1959, p. 286). The main difference between this figure and our calculations is that O, 
and N, actually form mixed solids on freezing, which we presumed would not occur. 


[I am grateful to my former colleague at the University of Delaware, Prof. K. Bischoff for 
bringing these data to our attention.] 


97 


90 


85 


бо 


55 


о 


Жәтесгус 


2 2 3 4 


= 





& 


P= /0/3 bar 


“? -8 9 ^e 


Molte Fracrron Nirregen 


Solutions 


8.11-1 


0.5333 


0.4000 


MPa 


0.247 


0.1333 
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2 Note: Error in Problem statement in 1st printing vapor pressure of isobutane is 
490.9 kPa not 4.909 kPa. 

Based on Illustration 8.4-2 this is a problem in vapor-liquid-liquid (3 phase) 
equilibrium. Also, from Problem 8.9-10, we have that the coexistence pressure is 
constant over the whole range of average (or total) mole fractions for which two 
liquid phases exist. From Illustration 8.4-2, one liquid phase is present for 
Xisobutane = 1 < 0.1128 and x, > 09284. For overall mole fractions in the range 
0.1128 € x, < 0.9284, two liquid phases exist. To compute the V-L-L coexistence 
pressure in the one-liquid phase region, we use (neglecting fugacity coefficient 
xy REI хүү, B = Р R°? = 4909 kPa 


PY? = 0493 kPa, and Үү, and Yy, (or хүү, and х;у,) are given in Table in 


corrections) where and 


Illustration 8.4-2. Also, the van Laar constants are given there, so у, and ү, can 


be computed at other compositions. Results are given below 


xy, а ху В“? Р 
0 0 1х 0493 0.493 КРа 
0.025 0.3068х 4909 + 09764х0493 151.1 
0.05 05491x4909 +  09555x0493 270.0 
0.075 0.7384х4909 + 09371х0493 362.9 
0.10 08843х4909 + 09231х0493 434.6 
0.1128 0945x4909 + 0914х0493 464.4 
1 1 1 1 
0.9284 464.4 
0.95 09582x4909 +  07325x0493 470.7 
0.975 09771x4909 + (04318х0493 479.9 
1 490.9 490.9 


Two прак Tig 20:90 
phases 


one -Liguid Phase region 


< 
:9 
> 
© 
у 
$ 
8, 
x 
> 
> 
“ч 
1 
v 
< 
$ 
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8.11-13 The vapor pressure of water is 1.013 bar at 100°C. To compute the vapor 
pressure of acetone, we fit the data in the problem statement to 


InP“? = A/T+B and find А=-36189, В-109930 and 
Pie (100° С) = 3.650 Баг. 
(a) To compute activity coefficients, we will use the van Laar model with 
©= 2.05, В= 150, as given in Table 7.5-1. Thus 
о 2.05 


Е [1+ ox c/(B(1— хас) й 1--1.3667(х,с/(1- xc) 
=> Y ac = 1050 аїх = 08 


In'YAc 


and 
В 1.50 


[1+ Bry от ху) 0737 6,/0- О] 
> Yw = 2.921 аху = 02 


InYw = 


At vapor-liquid equilibrium 
хүү why? + XcYacfac =P 
Substituting the results for y,, Р“? above yields 
Р= 3658 bar 


Thus, for all pressure above 3.658 bar опу a liquid of composition ху =02, 
xac = 08 will be present. 


(b) This calculation is more difficult, since we can not calculate the dew point 
"pressure" (at fixed temperature) until the liquid phase composition and 
activity coefficients are known. Thus the problem involves a trial-and-error 
solution of the equations 


vap — А уар — = 
XwY why -уұР; ХАС АСРАС = Yach and xaet ху =l 


where xw, Хас and P are the unknowns (The гү, can be calculated from the 


x; using the van Laar equations). By repeated guesses, I find 


Р= 3601 bar, xy, = 0295 and x,c = 0705 
Thus, for all pressures below 3.601 bar, only the vapor (of composition 
Yw = 020, улс = 080) is present. 
Note: One should check the conditions of both parts (a) and (b) to the above 


problem for the possible occurrence of two coexisting liquid phases. 
8.11-14 Using the program VLMU with Асо, „с, = 011 (Table 7.4-1) results in no 


solution at 140 bar and 75?C. However, trying the bubble point and dew point 
pressure programs we obtain the following results (at 7 — 348.15 K ) 


Г» 
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Хсо bubble point Хо, dew point Жо, dew point 
P, bar P, bar P, bar 
0.1 12.96 0.001 1.21 0.9 15.06 
0.3 37.93 0.05 1.28 0.92 20.25 
0.5 64.15 0.1 1.35 0.93 24.64 
0.7 89.14 0.3 1.76 0.94 32.02 
0.72 91.36 0.4 2.07 0.945 38.56 
0.74 93.49 0.5 2.51 0.947 42.62 
0.76 95.52 0.6 3.17 0.949 49.39 
0.78 97.43 0.7 4.31 0.9495 52.75 
0.80 99.17 0.73 4.83 
0.75 5:25 Program doesn't 
Program doesn't 0.78 6.03 converge at higher 
converge at higher 0.80 6.70 CO, concentrations 
CO, concentrations 0.82 7.56 


150 


100 


50 


Dew poin? Curve 


e 2.2. 2.4 2.6 2.8 ^о 





Since the program doesn't converge at higher concentrations of CO, along either 
the bubble point or dew point curves, we have to make an estimate of the CO, 


concentration based on the data above. There are two possibilities: (1) The CO, 
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saturation of the liquid at 140 bar is in the retrograde region at somewhere between 
Хсо, Of 0.8 and 0.95 [Note, simple equation of state programs, such as VLMU 


typically do not converge in the retrograde region, and more sophisticated 
algorithms and numerical methods must be used]; (2) at 140 bar only the vapor 
exists, that is, all the hexane vaporizes. 

An alternative is to use the activity coefficient approach. We do this here using 
regular solution theory and corresponding states for the fugacity coefficients. The 
starting point is the equilibrium condition 


NS” ын Ж 


which, for hexane translates to 


L vap 
L) va Ин(Р- Р ) (5) 
Lm РУ?Ре А „рю i 
ЛЕ "е н exp RT Ун P, 


while for CO, , which is considerable above its critical point, we have 


L 
f (P = 1013 bar) ИС, (P —1.013 bar) f 
олы Р, Т T-ME жый к. 


© 


Also, fitting vapor pressure data for n-hexane in “Тїе Chemical Engineers 
Handbook" we find Р (Т = 75°C) = 1226 bar. Also T = 75°С = 348.15K 


Next, we have 


TAK) Po(bar) б(са/ cc)? И (cc mol) 
n-hexane 507.4 29.69 7.3 «Table 7.6-1— 132 
CO, 304.2 73.76 6.0 <Table 8.3-1— 55 
Т, B (ИР) (fU P.) (f Y/P) 
n-hexane 0.686 4.715 0.732 ~0.08<-Fig. 5.4-1 
CO, 1.144 1.898 -1.15 0.65 —Fig. 8.3-1 


Thus 


Xco, X 115х7376х 2 


= Хсо,Үсо, = 08238 усо, 


55x10 ° т шо1х(140- 1013)bar 


= x 0650 х 140 
348.15 К x8.314 x10? (bar m’) дын не» Усо, 


апа 


132 x10  x(140 — 1226) 
LLL v.y.-ygx008x140 
348.15x8314 х10:5 ]!H ^H 


=> ХнҮн = 6.628 yy 


хн Х0.732 x 1226 х 2 
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The ideal mixture (ү, = 1) solution is 


Усо, = 0.9696 Xco, = 07988 (Easily solved using 
yg = 00304 хи =0.2012 Mathcad) 


To obtain a more accurate solution, regular solution theory will now be used to 
compute the у; 's 


2 2 
Ше Vidco, (Sx -со,) 
P RT 
and 
L a2 2 
Iny =: Усо,Фн(бн 2 со.) 
C077 pr 
using the ideal solution as a first guess and iterating, or using Mathcad and solving 
directly, I obtain the following 


Хо, = 0.9620 Хсо, = 07747 Qualitatively in agreement 
Ун = 00380 34502253 with the P-R e.o.s. results. 


Note the enormous solubility of carbon dioxide in hexane and, indeed, in reservoir 
crude! That is why carbon dioxide has been used in enhanced oil recovery (crude 
oil swells so more is recovered, and viscosity drops so the trapped oil in the earth 
matrix flows more easily.) 


8.11-15 Possibilities: ] liquid phase 
] vapor phase 
2 phases vapor + liquid 
2 phases liquid + liquid 
3 phases liquid + liquid + vapor 
We will assume that only one liquid phase exists and show that this assumption is 
correct. 
From the data in the problem statement 
БАР = 09475 bar and Рон = 08879 bar 


The bubble point pressure of an equimolar mixture is 
P= Y xy, P"? = 05ехр(0896 x 05° )(09475 + 08879) = 1.148 bar 


Since the applied pressure is 1.8 bar, no vapor is in equilibrium with an equimolar 
mixture at the specified temperature of 75°С. Now we have to check to see 
whether one or two liquids are present at equilibrium. To determine this we start 
with 
2 4 » ‚2 

КТ Шү, = Ax; > пу; eur - Ах; 
with A’ = 0.896 given in the problem statement. Therefore A= ААТ = 089687. 
Now from eqn. 8.4-14 we have that the upper consolute temperature (the highest 
temperature at which two liquids exist) for the one-constant Margules equation is 
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4 OBRT т = 15597 к 


j| SE 
ОС cp 2R 


This temperature is so much below the system temperature of 348.15 K, that the 


single liquid phase is the stable phase. Therefore, the equimolar mixture at 75?C 
and 1.8 bar is stable, and the only phase present. 


8.11-16 For an azeotropic mixture, from eqn. (8.1-3) 








Y; = Р/ UP 
0.2747 
-051)- = 1.1167 
Үс(хе ) 0246 
0.2747 
x, = 0.51)= = 1.1258 
ті = 051)= 221 


Since the two activity coefficients are so close, and the azeotrope occurs near 
0.5 mole fraction, so I will use the one-constant Margules equation. 


G"(x, = 051) 


LT = xc In yc + xp Inyg 20511n(11167)4- 0.491n(11258) = 0.11435 


= Ажхь = 4(051)(0.49) = 0.11435 
A=0.4576 therefore С =8.314x(273.15+40) x0.4576 = 1191хсхв 
КТІпүс = 119155 or ‘Ус =ехр(0.4576хь) 


ВТ ту = 119155 or үр = ехр(0.4576х2) 
Р(хс) = xc exp(0.4576(1— хе}; )0246 + (1— хь) ехр(04576х2)0244 











Also 
xc exp(04576(1— x..)*)0246 
Ус (ес) = — >- 
Р(х) 
1 0.28 
Р: 
1 
y 0.5 0.26 
i Pi 
0 0.24 
0 0.5 1 0 0.5 


: х.,у. 
і РУ 


b) The LLE upper consolute temperature is 
A 457 131 14 
_ 0.4576х 31315х 83 —7165К 


2R 2x8314 
which is much below the freezing point of each compound. 


Tuc = 
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c) Freezing point depression 


AH" (1Т,, 
In(x;y,) с=ш= ( тань) 1- 1 | ог 





R T Т solvent 
1 1 R 
== ———— ———— ln(x or 
T Т, solvent AH олем ) ps 
T = I n 
1 RT, solvent 1 ( y ) 
- —— n(x 
АН” (T owen) s 
For cyclohexane freezing 
T- 273.15 66 = 279.75 
2 8314 x (273.15+ 6.6) In(x,y,) 1— 0.8844 In(xyy,) 
2630 
For benzene freezing 
T= 273154553 = 278.68 
1- 8314 x (273.15+5.53) In(x,Y,.) 1- 0,2378 1(хсу с) 
9953 
400 
Tc 
1 
200 
TE k 
0 
0 0.5 1 
x ^ х, 
8.11-17 
сір 


j= мет У + RTInxy,)= CDVx, 


a) x,D,[V Inx, +V Iny,]= рух, = spj Энд 
м Хү 


D= D, па 
In x, 


RTIny, = А(1— x? 











5) д1 д1 д1 4-4) 
BYE Sg LU RE OES og СЕТИ. ү 
дах дх\ 9% 0x, 
Эту, 2А 
D-2D,1-—— = (1-55) 
YES RT 


с) 1) Infinite dilution x, — 0 and D > D, 
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22 1 А 
2) At LLE critical point Tyc = aR at х= х, = 05 


2x2x RXT 
p= p [1 2900. 


R X Tyc 


3) Negative deviations from Raoult's law — A is negative 


D- pfi 2:3 with A negative, D > D, 


8.11-18 (also available as a Mathcad worksheet). 


8.11-18 
yPinf:[416 ^ yHinf:-634 PvapP := 20.277 PvapH := 28.022 


Using the van Laar equation 


a :zIn(y Pinf) 0 :=In(y Hinf) 








1:=1,2.. 99 x :=0.0141 
Р := ex n H. := ex В 
V 2 а. 2| Р.:=х.РуарРУР. + Gs x) PvapH-TH, 
Х. 1-х 1 1 1 1, 1 
a i p i 
1+— 1+— 
p 1-х a X 
50 
40 (x PvapP4 P. 
P. yP, I P ыз ш. 
i P. 
ЕЕ 1 
30 
20 
0 0.5 1 
х; 
1 
0.920522, 
yP. 0.5 





0.097206, (0 
0 0.5 1 
‚0.01, х. ‚0.99, 
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So this system exhibits either azeotropy or LLE. Test for LLE 


x11 :2 0.01 x12 := 0.90 


Given 


x11-exp}] ———————— —— |ах12:ехр 








& xD V 
1+— 
В 1-х12 


(1- х11) -ехр TEE INN =(1- x12)-exp e M 
2 2 
pb 1-хП 148 1- x12 
a Хи а х2 


y :=find(x11, x12) 








х11:5у, х11 = 0.113 x21 :=1-— x11 x21 = 0.887 
x12 У: х12 = 0.684 x22 := ] — x12 x22 = 0.316 
x12 = 0.684 


So there is LLE 


Note that many of the problems in this chapter can be solved relatively easily with two 
programs. The first is CHEMEQ which makes the calculation of the chemical equilibrium 
constant at any temperature very easy. The second is an equation solving program, such 
as Mathcad, for solving the nonlinear algebraic equation(s) which result. It is advisable 
that students know how to use both. [I have used Mathcad for many of the problem 


solutions reported here.] 


9.1 From Equation 9.1-18 


-АС.(29С) | -1740 
КТ 8314 x 29815 
= In K, = —71566 and K,(T = 25° C) = 77967 x10* 


InK,(T = 25°С) = 


Next using Eqn. 9.1-23b with Ла = 16736 J/mol К; Ab — Ac = Ad = Ле= 0 gives 
[Note: Error in problem statement of first printing. AC, = 16.736 Л molK not 
kJ/mol K] 


K,(T =500 K) Аа | 500 


= п 
К(Т=29815К) В 29815 


1 : : а 
+ ГАН. (298 15)+ Аа x 298.15] 500`'- 298.151] 














_ 16736 500 
8314 29815 
1 1 1 
+ [—55,480 + 16.736 x29815] —- ) 
8.314 500 29815 


= 10407 + 82228 = 92635 
In K,(T = 500 К) =ш K,(T = 29815)+ 9.2635= —71566 + 92635 22107 


> КТ = 500 К) =8.225 
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Mass Balance Table 
Species In Out у, y;(X = 09436) 
ТРОН 1 1-х  (1- Х)а + X) 0.0290 
Ргор 0 Х Х/1-Х) 0.4855 
Н, 0 Х Х/1-Х) 0.4855 
Total 1-Х — calculated after X was 


found below 


Now K, = 4u4p _ X?(P = 1013 bar/1 bar) _ Ж? ы, 
арон (1+ X) - X) (1- x?) 
Х =K, -XF ; (1+К,)Х? = К, or X= К, /(1+К,); 


К, =8.225 = X = 09436 = 94.36% of alcohol is converted. 








Reaction: СаС,О, = CaCO, + СО 


a d, 
_ ЧсасозЯсо _ Е 
K, = ————— = асо = Ко 


Асос,о, 


T( C) 375 388 403 410 416 418 
Piss = Poo(kPa) 1.09 4.00 17.86 3333 78.25 91.18 


diss 


К, = Р. [100 0.0109 0.0400 0.1786 0.3333 0.7825 0.9181 





Ink, 4.5282 —32.315 -1.7356 -1.1112 -0.2581 -0.1052 
T(K) 648.15 66115 676.15 68315 689.15 691.15 
-RTInK,- A ёс 24401 17763 9757 6.3113 14788 0.6351 
kJ/mol СаС,О, 

reacted 


d(AGS.[RT) _ _dinK, — AH; 


Now == gaiii 1 
dT dT RT? 0) 

AH? —AG2 
and ASS, = — ха т т (2) 


Plot the data for In K, vs. Г. It falls оп a reasonably straight line of slope - 0.106. 


din К 
i.e., F < - 0.103. Thus, AH?. = 0.103 R7? , which follows from Eqn. (1). Once 





АН? „ is evaluated, Eqn. (2) can be used to get AS? . The results are given 


rxn rxn 


below: 


In Ka 


Chapter 9 
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Те C) 375°С 403°С 418°С 
АН? 358.7 390.4 409.9 kJ/mol СаС,О, reacted 


АЅо 0.5159 0.5630 0.5984 kJ/mol K CaC,O, reacted 


0 
=2 
-4 
-6 
640 650 660 670 680 690 700 
Temperature (К) 
93 Reactions: C+CO,(g) -2CO(g) (1) 
2CO(g) = 2C +О»„(а) (2) 
Mole balance table 
Species Initial Final у, 
С = 
CO, 1 1-Х, (1- X,)/(+ X,— Xj) 
CO 0 2X,-2X, 2(Х,-Х,)/(1- Х,- Х,) 
о, 0 X, Х,/(1-Х,-Х,) 
1-Х,-Х, 


‚Р 
psu y; since P= 1 bar 


i bar 
(a) From the program CHEMEQ we find that. К, (7 = 2000 К) = 39050 


at T=2000K K,,-22445x10 ? > К, ~ 0, X, ~ 0 and Қ, | = 39050 








о с 4-9) 2 «ХУ ор К р 
асасо, (1-Х)143,-Х,) (1- X) X1) 4+K,, 


(as one would expect with such a large equilibrium constant) 


(b) At 1000 K using CHEMEQ 
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K, (T - 1000 К) = 1835 
K, (Т = 1000 K) = 3984 x 10? 


| 1. 
М = ки = 0561 
4+ 1835 


1 


Thus, the composition of the gas leaving the graphite bed is 


Species 2000 К 1000К 
СО, 2.594 х 107 0.283 
СО 1.0 0.717 
о, 0 0 

9.4 
АС? —2866 
K, =ехр -=m | = a 03147 
RT 8.314 x 298.15 
: (Т,Р V. 
= “diamond, where а; = ас ee exp ize -1 ban} 
ER fAT.P = 1 bar) RT 


TPoynting correction 
terms assu med 
incompressible solid 


diamond _ РИ ды (P= Loan RT]. (Иа (P 1 bar) 
graphite exp „ (P -1 bar)/RT} RT 


where 


12 g/mol 
уы = 12-81991. 34188 cofmol = 34188x 10% m?/mol 
351 g/cc 
12 g/mol 


= = 5.3333 cc/mol = 53333x10 ?^ m?/mol 
e 028 g/cc / / 


ЭР EM - be —AG?9 23 
10.3147 = (3.4188 - 5.33330 P — 1) сс - bar Ё Gü E 2866 J/mol 
RT RT R 


2866 J/mol 
=) P=] hare MO = 14970 Т/сс = 14970 bar 
19145 cc/mol 


or Р= 1497] bar . 


Thus for P«14971bar; Sim > K, and graphite is stable phase 
Üoraph 


for Р»14971Баг: Laim < K, and diamond is stable phase 
Üoraph 


— Need a hydraulic press capable of exerting 14971 bar to convert pencil leads to 
diamonds. (Also, should consider a higher temperature!) 


9.5 For convenience, write reaction as N, +O, = 2ХО, 


Species balance table 
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Species Initial Final y; 
о, 1 1-Х (1- Х)/4.762 
N, 079/021-3762 3762- X (3762 - Х)/4.762 
NO 0 2X 2 Х/4.762 
4.762 
Since P= 1.013 баг; а; = nE 
1 bar 
Xo ___ ОХУ 


К, = which has the solution 





ТЕГЕ — (1- X)(3.762 — X) 


y= —2.381 + J19073 + 15048/К, 

a (4/К,)-1 
Using the program СНЕМЕО and its data base the following results are obtained 
(which agree with Figure 9.1-2) 


Т C) 1500 1600 1800 2000 

K, 0.9795х10* 01924х103 05861x10°  01455x10? 
X 0.00954 0.0133 0.0231 0.0361 
T( C) 2100 2200 2400 2500 

K, 02154x10?  03077x10?  05718x10? 0.007487 
X 0.0438 0.0520 0.0701 0.0796 
Т C) 2600 2800 2900 3000 

K, 0.009539 0.01450 0.01732 0.02028 
X 0.0893 0.1086 0.118 0.1269 


9.6 (а) From Appendix IV 


АН? 46° 
Ма,50,:10Н,0 -4322.5 -3642.3 KJ/mol 
Ма,50, -1382.8 -1265.2 
H,O -241.8 -228.6 


= AH «(T = 25° C) = (4322.5) - (-13828) - 10(-228.6) = –5217 kJ/mol 


AG, (T = 25 C) = -91.1 kJ/mol 
+91,100 


= In K (T = 25°C) = ^^ = 436151 
(8.314 х 29815) 


K (T = 25°С) 29139 x10? 





Now 
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a 

cae (ше = 09139x 10" 
Ч мазо. `@н›о Pao 


= Py o(28 C) = 2503x 10? bar = 00253 bar 


(b) At 15°C. Since 15°C is near 25°C we will correct K, for temperature using only 
the AH® term, 16. 





К(Т-1590) - Ath 1 1 
К(Т-29С) К (28815 29815 
К(Т-1%С)-К,(Т 225 C)exp(7304) = 1358 х10” 


Р,о05%С)-1221х107 Баг =0.01221Ьаг 


) = 73438 


Experimental data (Baxter and Lansing, J.A.C.S. 42, 419 (1920)) 
Pa,o (0° С) = 0.003693 bar 
8,005 С) = 0.01228 Баг 
Pa,o(29 С) = 00256 bar 


9.7 (also available as a Mathcad worksheet) 
a 
К. = — = Ус, Since ас=1 (solid), ааа P=1bar= standard state 
аса; | Js, 
pressure. 
Species balance table: 


Species Initial Final У, К, = Х/@- X) 

C = эж юэ 

5, 1 1-Х (1- X) => or 

CS, 0 X X X=K,/(1+K,) 
1 


Using CHEMEQ I find K,(750°C) 28478 and K,(1000°C) =6.607. Therefore 
X (750°C) =0894 and Х(1000°С) = 0869. X= ys, is the percentage 


equilibrium conversion of sulfur. 


9.8 (a) Ba(NO,), solution 


1 1 
ТЕ 22,46 - 2127 Сь, + (Y Css + ОС, + Са} 


1 
= 5 4s + Со. + Cag + Са! 


but Саз = Са = Слеа : Сва = Сва(моз), : Со, = 2Сва(мо,? 
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1 
i= 5 U CnixoJ) + 2Cg,(uo,), + 2а} = ЗСва(моз)› + Casci 


Cpa(NO3), Сес! 1 JI In K, , where 
К, ын Са 
2111x10^  01309x10^  64639x10* 2542x107 —22.4873 
7064ж10*  01339x10^ 213259x10^ 4618x107 -22.4420 


4402x10^  01450x10^  13221x10^ 11498 x10? -222821 


560x10^ 01467х107 168147x10^ 12967x10? -22.2594 
(mol/liter) (mol/liter) 


(b) La(NO,), solution 


Using similar analysis to that above yields J = 6C, (No3), + Casi - 


Само»), Сша 1 VI In К, , where 
К, = Са 
1438x10^ 01317х10*  87597x10^ 29597х10? -224751 
5780x10^ 01367х10* 348167х10*  59006x10? -22.4006 
166x104 01432х10* 997432x10^ 99872x10? -22.3077 


2807x10* 0.1477х10* 168568x10^ 12983x10? -22.2458 
(mol/liter) (mol/liter) 


х = solb bil: Ty м б.со), 

А = Solubility м La (м), 

8 = Solubsl ty іл KNO, 

-22.0 (Lidastretio® 4.273) -7 


4ь 45 Жэ 


- 22.2. 


- 22.4 





- 22.6 Lo #107! 2.22 


JT (то1/йег)# 


Except for the single point or high ionic strength (AgCl in КМО, ), all the data 
fall on a straight line. 
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9.9 For BaSO, = Ва'* + SO,~ , we have 


I= „ум, = с, +2°C,, | e A Caso, = 48 


504” 


where S —solubility of BaSO, іп moles/liter 


also К, = C «C — = 52. Мое we have neglected the difference between М 
4 
and C. Thus 
T(C)  œ&(Table 7.6) S К = 52 МТ = 2/5 
5 1.140 156x10° 24351079 — 79x10? 
10 1.149 16.7 2.789 8.173 
15 1.158 18.3 3.349 8.556 
20 1.167 19.8 3.920 8.900 
25 1.178 21.6 4.666 9.295 


(mol/liter) (mol/liter у (mol/liter) үр 





K, (1 molal)"**"- K,° 
Now cao and K,-————. K,°=K,(1molal)’**’- or 
| т is = = 
К° 


Е an 
(1 molal)"*^"- 


In К =In K?-1nj^- 
=InK,°+(V,. Ме k 2 оГ 


ва "750,7 


=ш K,42- @ х2)осе/1 = InK,°+ 1607 


ог K,°= К, ехр(-160%/5) = 5? ехр(-1606/5 ) 5 


Note that К, is the equilibrium constant for the reaction 


BaSO,(s) = Ва “(аа, ideal 1 molal) +50; (aq, ideal 1 molal) 


AG, 
and ED =—RInK, . Thus we һауе 


TCC) K,° In Ke жи --Кіп К, AH yn AG, AS n 
3 2261x10 19 -22.2100 184.654 20490 51,362 —110.99 
10 2.587 -22.0754 183.535 21234 51,268 -108.54 
15 3.094 —21.8964 182.047 21991 52,457 -105.73 
20 3.607 —21.7430 180.771 22760 52,993  —103.13 
25 4.275 —21.5731 179.359 23543 53,476 -10040 





(тои)? ( J | (J/mol) (J/mol) (J/mol) 
mol K 
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AG,,,,/T is essentially a linear function of 7 as can be seen by plotting the data. 
Also, from the plot we have 


AAG xn/T) | AAG xn /T) 
әт 7 





--026485 J/mol K? 
AT 
However 
o(G/T) H 2 (AG, T) 5 
= -— > АН. = -T ——— = T*(02648 
ƏT T? vo oT | ? 
Finally 
AH — AG АН... — AG 
AS = => AS n rxn rxn 
T 
Both АН... and AS 


хп are given in the table on previous page. 
(also available as a Mathcad worksheet) 


(a) Using the program CHEMEQ, the following results are obtained 
тхп1 C3;Hg+3H,0 = ЗСО +7Н, 


rxn2 C,H; +6H,0 = ЗСО, +10H, 
rxn 


К, К, АН, Абу, AH; cn Асу, 
1000 К 1100 K 1000K 1000K 1100K 1100K 
1 01343х102 04806х104 537260 -213.030 538.140 -288.11 
2 0.3332x10!? 03851х10“ 432.380 -220.590 436.440 -286.09 
АП energies in kJ/mol of С;Н; 
7 3 10.3 
ан,а ан, а 
(b) Ка = ——— and K,5— H, 3 where, since Р= 1 bar 
ас,н,4н,0 ас,н,4н,0 
"Шаг ~’ 
Species balance table 
Species In Out у, 
С.Н; 1 I-A X (1- [X,+ X,)/X 
H,O 10 10-3Х,-6Х, — (10-3Х,-6Х,)/ў, 
СО 322 ЗА 
CO, 3X, SX E 
H, 0 7 X, +10Х, (7 X, +10х,)/У 
У =11+6(Х,+Х,) 
Thus 
реве у 
Ki ын (1 





35 53,00-3*;-5625) (11+ 6 Ху +6.Х„)° 
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5 27 ХЗ(1 Хү+10Х„)° 


Қа ee FAs a 160427 160218 
(1-4 ИОВ (11563165) 





Also 


Кі _ X}(10-3X,-6X,)° 
Eo. НИ) 





In view of the very large numerical values of the equilibrium constants, we 
expect X, +X, ~1. Using this approximation we get 


Е У | 5 27X2(1+3 X) 
" (-X-350-31, 0 “ = X= Х„)(1-3Х„)°@а7/° 


and 








Кы 7-30) _, Е j -RCS exe) 
КО (ТЕЗ) Bee Х„@+3Х) — 2360 959) 
Note that this last equation is a simple quadratic equation for X, given К„| 
and K,5. Also, then X, 2 1— Х,. 
(c) at 1000 К: X, = 0527; X, = 0473 
at 1100 К: X, =0.603; X, = 0397 


Thus we obtain 


Species у,1000 K) y, (1100 K) 
C,H, 0 0 
H,O 0.328 0.342 

CO 0.093 0.106 
CO, 0.083 0.070 
H, 0.495 0.482 


9.11 (also available as a Mathcad worksheet) 


1 
Reaction: SO, jo =SO, 
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Species balance table 


Species Initial Final у, 
SO, 1 1-Х ЕВ 36 
338-05 Х 
1 1 1/2 (1-Х 
о, - -(1- Х) 120-0) 
2 2 338-05 Х 
N, Тыа 1.88 = == 
2 021 338-05Х 
X 
SO, 0 X ————— 
338-05Х 
1 
338-— X 
2 


P 
Since Р= 1.013 Баг ; а; = =. 1013у; 
1 Баг 


NS NN м X(338- 05x)? 
" ао,а02 Ys0, 42 1013 ^ 0-ХУ/ (05у 








The chemical equilibrium constant for this problem was calculated using the 
program CHEMEQ and then the problem was solved using Mathcad. The results 
appear below 


TCC) Ж, Х Yso, Yo, Жо, 
0 1.016 x 10^ -1 -0 -0 0.3472 
100 08625х10” -1 -0 -0 0.3472 


200  01012x10/ 09998 6148x10?  3074x10? 0.3472 
300  01265x10 0.9967 0.001139 0.000569 0.3459 
400  05903х10 09750 0.008635 0.0004317 0.3371 


500  06188х1(2 0.8935 0.0363 0.0182 0.3046 
600 — 01104х10? 0.7090 0.0962 0.0481 0.2343 
700  Q2847x10! 04569 0.1723 0.0862. 0.1450 
800 0.9566 02467 0.2313 0.1157 0.0757 
900 0.3951 0.1252 0.2637 0.1319 0.0377 
1000 0.1863 0.0655 0.2792 0.1396 0.0196 
1100 0.09969 0.0366 0.2866 0.1433 0.0109 
1200 0.05862 0.0220 0.2903 0.1451 0.00652 
1300 003722 0.0141 0.2923 0.1462 0.00418 


1400 0.02518 0.0096 0.2934 0.1467 0.00285 
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0 500 1000 1500 


Reaction: C,H, + CL, =C,H,Cl, 
However, C,H,Cl, is a Паша at 50°С — 2 phase reaction! 
Some physical property data 


Species Normal boiling point Р" Р(5(РС) Тс Б. bar 


C,H,Cl, 83.47°C 0.288 bar 
C,H, -88.63*C 122.5 ба" 9292 5036 
Cl, -34.6С 14.87 Баг 


Since ethylene is above its critical temperature, its “liquid-phase” vapor-pressure 
will have to be estimated if we are to do the vapor-liquid equilibrium calculation. 
However, since we need only a moderate extrapolation (from 7—92?C to 
T =50° С), we will do an extrapolation of the vapor-pressure data, and not use 
Shair’s correlation. Using vapor-pressure equation in the Handbook of Chemistry 


and Physics, we find P“*? (50°С) ~ 1225 bar for ethylene. 


Note: To be consistent, all vapor pressure data for this problem have been taken 
from the Handbook of Chemistry and Physics. The data differs, in many cases by 
+20% from The Chemical Engineers’ Handbook. І believe the latter may be more 
accurate. 

Species balance table 


Species Initial Final 
C,H, 1 1-Х = Ус,н,/ + Xcu, L 
СІ, 1 1-Х = ya, V + xa, L 
C,H,Cl, 0 x = Усон,с t Хс,н,с„Ё 
„Р 
Also, since P= 1 bar, а; = ns y; for species whose standard state is a vapor. 
ar 


Note: An obvious first guess is that no C,H,Cl, is present in the vapor phase, 


and по СІ, or С.Н, is present in the liquid phase. Since the standard states of 
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C,H, and СІ, аге as pure vapors and C,H,Cl, is as a liquid, this would result in 


an equilibrium relation of the form 


which clearly can not be true! Therefore, to obtain the correct solution to this 
problem we must consider the possibility that all species may be present in all 
phases! 
In the table above, Z and V are the total number of moles in the liquid and vapor 
phases, respectively. L+V=1 
Phase equilibrium: f” = f => уР=ху,Р\Р 
Chemical equilibrium: (standard state: C,H, and Cl, = vapor; C,H,Cl, = pure 
liquid) 
K=- Хс HCl Үс,н(сі, 

Усен, Yc 
Now using data in Appendices II and IV, and Eqn. 9.1-23b we obtain 
K (T =50°0 ~ 11x 10? a huge number. 


— (severe vas) x11x10” = Хс,н,с1 Y C,H 4Cl3 
=> Reaction goes, essentially, to completion. 
Vapor-liquid equations 

Усмусь = Xone Yono, (0.284); Ус,н, = Xc, Y cu (121); Ус, = ха,Уа, (14-68) 
Now going back to chemical equilibrium relation 

(хс,н,Ус.н, Хха,Үс, ) х (14.68)(121)(1.1 x 107) = Хсүн,С1Үс,н, 1, 

Since, for this system, we expect ай the activity coefficients to be of reasonable size 
(less than, say, 10), it is clear that the only solution is xc ma, ~1, 


Xcu, = Xa, =0 [actually, these latter mole fractions will be of the order 1073] 


Plugging these values back into the vapor-liquid equilibrium equation, we find 
Уу <1. = No vapor phase! 


Thus, the solution to this problem is that there is no vapor phase present at 
equilibrium, only a liquid phase. The reaction goes to completion in the liquid 
phase, so that 

XC, н.а =1, Хон; =0, Хсі, -0. 


G, = б,+ RTIny x, = G; - RTIn'y;x? where 
N;? 

iN. 

М, 


Ум, 


In the model, ү? = 1, since the ternary mixture is ideal. 





х; = apparent mole fraction = 


x, = actual mole fraction = 
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N44 NS? М» N , Ns? 
CMM Л ЕЖ EAE C ONS N ININ 
А в Ур, В А Bt Np, 





Now consider the chemical equilibrium: 


Initial Final Mole fraction 
Number moles number moles х, 
Я N, N, ын. айны 
Ма + Мв- №, 
В № N,-2X шэг m 
М, + М» = Nz, 
B, — Х NE NE 
М, + М» т Nz, 
М, +М№М№-Х 
= М4 + Nz- №, 


аһ, _ Ng (Мл + Мв- Ng.) 
аў (N5-2N5,) 


a 


Solving this equation gives 


(Ns +Na/k)-4(N3+ Na/k} ак (Ns) /к 
B = 2 
where А 2 4K, +1, and 
2kN s, 


C = x, + kep- (62 2 ы)? 
Мл + Ng 
= 2kx, + 2kxg -© = 2k -ð 


and ё= (2k - Dx, + р + (bad + 2horyxy +42)” 


Also we obtain 
(N 4+ М») 


Ngee ЇСЭГ Ng = Мв- - 


N NN, = aue nx) INS mun Ed 
: 2k) "С N,*N4*Ns, 5 


(Nat Ns) ig] 


Thus 
Үл -—NatNs _2k and 
N,*Ny*N, 6 
" N5(N , М») 
М (Хүж М» + Мь, 


2k-6)|2k 2 
4 э ЦЭ penes ee" s] 


Ув 





Solutions to Chemical and Engineering Thermodynamics, Je 


9.14 (also available as a Mathcad worksheet) 


1 
Reactions: С,Н.ОН- 503 -СН,СНО-Н,О 
С,Н.ОН- CH,CHO+H, 


Species balance table: 


Species In 
С,Н.ОН 
О, 0.75 
0.79 
М, —— x 0.75 = 28214 
0.21 
H,O 0 
CH,CHO 0 
H, 0 
5 


Using the program СНЕМЕО we obtain 
К, = 7.228 x10" 


K, 2 = 6.643 


aerobic reaction 


is greatly favored! 
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rxn 1 


rxn 2 


Out 
1- Xi- X, 
075-05Х, 
2.8214 
Х, 
X,+X, 
Х 


2 


1 
TOT T Х, 


With these values of the equilibrium constant we obtain X, ~ 1 and X, = 0 [all ethyl alcohol used 


up in first reaction]. Therefore, 


Уснусно ~ 0197 and ун, ~ 0. 


Ус;н;он 7 0, 


9.15 (also available as a Mathcad worksheet) 
C,H, = CH, +H, rxn 1 
C,H, = C,H, +CH, rxn 2 
Species balance table 
Species Initial Final 
C,H, 1 1- X-X, 
C,H, 0 X, 
H, 0 x 
C,H, 0 X, 
CH, 0 X, 
X 1+ X,+ X, 
УР 


In general, we have а; = ———, thus 
1 bar 


Yo, “0049, ум, ~ 0556, уно ~ 0197, 
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yon. тавны Р )- P Ax 
P clu LL NL НИ, | aa a A ERE EN 
асн, Усун; Ibar/ 1Баг (1- X, - X5)(1 X,+X,) 
Similarly 
К = Ас,н,Фсн, 2 Р № 
^7 ^ dea, 11а (1— X,- X,)(1+ X, + X,) 
K 2 Х К, 
Also — = 2 so define a=—2 = _|—+2 Триз 
Ka Xi Xy {Ка 
_ (РЛ bar) X; _ (РЛ bar) X; 
al = НЕ 


(1- (1+0) Х,)(1+(1+00Х,) 1-@+09?Х? 


(a) Constant pressure case: Р/1 bar = 1 


Кал 


1+ (К + KE) 1+ (КИ + ку) 


Results are given in table below. 


> X= 


(b) Constant volume case: Assume gas is ideal 





№; Ту 
РУ = NRT > P, == [rex + X) | 
м Т 298.15 


or 


р Ш й+о) х 

i 29815 

[[-0-09X,K7/29815) X? _ X?T 
П+@+с)х1-+с)Х,] оо 


298.15 
al ш: зыз epl [кї +кї] — ЇК + КУ; | 


> К, = 


а 


29815 


ә х,- BRE e nep e pete n] 


29815 592 


2 


Results are given in table below. 


T(K) 


1000 1200 1400 1500 1600 1800 2000 
Kj 2.907 38.88 2460 512.6 9724 2809 6511 


K,, 5343 2581 7754 11950 17350 31900 50870 
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Part a 
Усн, 0 0 0 0 0 0 
усн, = Ун, 0.034 0.055 0.076 0.086 0.096 0.114 
усун, = н, 0465 0.445 0.424 0.414 0.404 0.386 
Part b 
Усын; 0.003 0.001 0.000 0.000 0.000 0.000 


усн, Он, 0034 0.055 0.076 0.086 0.0906 0.114 
Усон, = Жи, 0464 0445 0.424 0414 0404 0.386 
P bar 6.60 8045 9.389 10.061 10.732 12.074 
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0 
0.132 


0.368 


0.000 
0.132 
0.368 
13.416 


As usual, all equilibrium constant were computed using the program CHEMEQ and Mathcad. 


9.16 (also available as a Mathcad worksheet) 
Reaction: №, +0, =2NO 


Species balance table 








Species | Initial Final У, 
N, І іш” ES 
2 
0, 1 i^g OPE 
2 
NO 0 2X X 
> 2 
‚Р 
Since P=1bar, a; = 2: = y;. Thus 
1 bar 
қ -o - АХ? : 
ау,4о, (1- X) 
ог 
1/2 2X Ч Ka 
КГ----- Х = (1) 
IX оК. 


Now, the energy balance for the adiabatic reactor, Eqn. (9.7-10b) is 


Tout 
02 ) (М | Co; dT AB, T4) X 


1 —rxn 
Tin 


or 


T. 


out 


| (Cis + Сто, dT 
_ __Тш 
ТЕ АН (Ту) _ 
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Using the program CHEMEQ and the data in Appendix II, together with eqns. (1 and 2), the 
following results are obtained. 


T(K) 


2800 
2820 
2840 
2860 
2880 
2900 
2920 
2940 
2960 
2980 
3000 


K, 
0.008002 
0.008406 
0.008822 
0.009251 
0.009691 
0.01014 
0.01060 
0.01108 
0.01156 
0.01206 
0.01256 


АН 


—гхп 


(kJ/mol) 


162.26 
161.38 
160.48 
159.54 
158.58 
157.58 
156.55 
155.49 
154.39 
153.26 
152.10 


xa 


0.0428 
0.0438 
0.0449 
0.0459 
0.0469 
0.0479 
0.0490 
0.0500 
0.0510 
0.0521 
0.0531 


energy 


0.0955 
0.0865 
0.0773 
0.0681 
0.0587 
0.0493 
0.0397 
0.0300 
0.0201 
0.0101 
0.0 


The solution is T ~ 29025 K and X = 00482 so that уус =0.0482, ух, = yo, = 04759. 


9.17 Suppose we start with 1 mole of hydrogen and z moles of nitrogen. The species balance table is: 








Species Initial Final У; 
Н, 1 1-3X Жан 
1-2-2Х 
N, z z- X ZX 
1+@—2Х 
NH, 0 2X E 
1-2-2Х 
У-1-2-2Х 
апа 
2 
K = (Ран, /1 bar) E Уюн, == 
ИС са ИСТ 
(Р, Л bar)(Pa, /1 bar) Yn, yp 8 oP 
РҮ а 1 
= К, DTE (1) 
1 bar (z- Х)4-3Х) 


Note: We are assuming P is low enough that no f/P corrections are needed! 
Now we want to know how X changes with 2, so we will look at the derivative dX /dz at constant T 
and P. Starting from Eqn. (1) we obtain 
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8Х1-2-2Х) ах заа, =з 
о= 1-2 
(z- XY00-3X) dz (z- X)Y1-3X) dz 
DO UO [С хе RO зй. 
(= XYü-3XPV dz) (z-X)ü-3xy dz 
ах _ [/- x)J-[2/4+z-2x)] 


аа @0/х)-[Д@+«-2Х)]+[у(е— x)]-[s/a - 3x)] 


where X must be equal to, or smaller than, the smallest of 1/3 and z. 


-X 
For yw, =05=——————әг=1. Let z=1+6 where © may be either + or -. 
HT 


dX _ [/@+ 8- X)]- D/Q -2 x +5)] 


dz (2/X)-[4/2-2X +5} U0- X)+8)]+[9/d-3X)] 


Since X < 1/3, the denominator is always positive, so we need only look at the numerator to 
determine the sign of dX /dz. 


1 1 


Num = ——— — - —————— 
1-6-Х 1-Х-48/) 


5 
——— and -----. 
1-Х X1- X) 


Nan (i-—— Інт Шы Ё = 2 
fax dex) fax 2(1-Х)) 21-Х) 


Thus, the sign of dX [dz is the same as the sign of (—d). If 620, 1.е., more N, is added than is 


Now do Taylor series expansions in 


required for yy, =05, dX [dz « 0, so that NH, decomposes, and М, is produced. 

If, however, 9<0,1.е., less N, is added than is needed for Ум, — 05 , the addition of N, causes 
more NH, to be formed. 

Note: If, instead of М, addition at constant pressure, the nitrogen was added at constant total 
volume, so that partial pressure of either species were unaffected, and the partial pressure of N, 


increased, then, from 


(Рун, Л bar) 


Ка 
(А, /1 bar)(Ay, /1 Баг) 


it is clear that the reaction would always go in the direction of increased ammonia production. This 
is an important distinction between reactions at constant volume and at constant pressure in this case. 


(also available as a Mathcad worksheet) 


Reactions: C,H,, = CH, +H, rxn 1 
C,H, =C,H,+H, rxn 2 
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Species balance table 





Species Initial Final У, 
| ВЕ; 
Сано Ж: 1+X,+X 
2 
Х-Х 
С.Н; 0 X,- X, L— 
П О 
C, H, 0 X, X3 
1-Х,-Х, 
Х,-Х 
H, 0 X, * X, ——á— 
1+X +X, 
» 14 X,* X; 
yP 


Since pressure =1 bar, а; = 





=y,. Thus 
Баг У 


_ Усан: Ўн, (Х,-Х,ДХ,-Х,) 


Кал TA mU ART А "О, ON 
Усунь (1-х )а+х,+Х,) 
ое XF- X} (1) 
апа 
Kv Ус,н,Ун, 2 Х,(Х, +Х,) 
Е Е. 
Ус,н, (X,- X519 X, * Xj) 
> K (X +X? ЕЮ, (2) 


Using СНЕМЕО (for equilibrium constants) and Mathcad (for solution) I obtain 


T Ка Kap X, X, Усаны Хан, Хан, Ун, 
900 0.9731 0.1191 0724 0.147 0147 0.308 0.079 0.466 
1000 5.814 0.5575 0.951 0.464 0.020 0.202 0.192 0.586 


9.19 This problem can be solved graphically, as shown here, or analytically as seen in the Mathcad 
worksheet. 


1 
Reaction: H, О» = H,O 


Using the program СНЕМЕО, the equilibrium constant сап be computed at each temperature. The 


УР 


results are given on the next page. Also, since P= 1013 bar a; = = у, X 1013. 
аг 


Solutions to Chemical and Engineering Thermodynamics, Je Chapter 9 


(a) Stoichiometric amount of pure oxygen 





Species In Out У, 
н, І ix чеш 
3-X 
1 ЭХ 
о 0.5 ах -- 
: 2 7/0 3-Х 
H,O 0 X JE 
3-3 
1 
е зех) 
БЭЭ ано ЗЕ 3-Х B- х). 
а, dPaony? 3-x 20-X) (1— Ху? (1013) 
аң,аб,@. ) ( ) ( )* (1013) 
x6- xX) 


а ху 1013)? 
Or 
К (-Х)# (013)? - x3- x)? =0 


This will be solved using Mathcad. 
From the energy balance we obtain the following 


T(K) Xy, (Part a) Xy, (Part b) Xy, (Part c) 


1000 0.129 0.194 0.509 
1200 0.167 0.226 0.658 
1300 0.734 
1400 0.207 0.279 0.811 
1500 0.899 
1600 0.246 0.333 0.968 
1800 0.286 0.388 1.127 
2000 0.328 0.443 
2200 0.370 0.500 
2400 0.412 0.557 
2600 0.455 0.615 
2800 0.498 0.674 
3000 0.542 0.733 
3200 0.585 0.792 
3400 0.629 0.852 
3600 0.674 0.911 


and, from Eqn. (9.7-10b), we get 


Та 
С, ат 
с Р, 
Х--)(М 


WE суз. 
i=l AH шт) 
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С 

1 

where ) (А), „С; = Сын, +5 Сро, and Т, = 29815K . 
ї=1 


(b) 100% excess oxygen 


Species In Out У, 

H, 1 1-Х RU er c 
2—05X 
1 1-05X 
о, 1 1--Х ——— 
2 2—05X 
H,O 0 X ыо: 
2-05Х 

1 

2--Х 
2 


->К (1- ХУ(1 -05ху/? -Х(2- 05x)? =0 and, for energy balance 


c 
b» (№) „С = Съм, +Сьо, 
i=l 
(c) 100% excess oxygen in air 
Species In Out У, 
H, 1 1- X ETC OA 
5.762 — 05X 
0, 1 1-05X таваг. 
5762-05Х 
7 .762 
N, wo, 123762 3.762 шилэн 
021 5762-05Х 
Н,О 0 X Нэг _. 
222222222000 5762—05Х 
5.762 —05X 


= K,(1- ХХІ-05Х)/2- Х(5762-05Х)/2-0 
and 


C 

Y (№), Сы, = Сън, + Cro, +3.762Cpn, 

i=l 
From the intersections of the equilibrium and energy balance curves, we obtain the following 
solutions [curves on following page] (or directly by solving the equations using MATHCAD) 


(а) Ta =3535K ун, = 0291 

X = 0659 Yo, =0146 
Ун,о = 0563 

(b) Ta =3343 К ун, = 0104 

X = 0835 Yo, 70.368 


Уң 20 m 0528 
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(с) T,,=1646K Ун, -0 

X210 Yo, =0095 

Ун,о = 0190 

Ум, - 0715 

Жежеуз olenore Parts a,b orc 
{000 
7 ( €) 





9.20 Using the data in the problem statement, Tables 2.4 and A6.1, I find 
4 Casio, fco Yco, P 
K,40750 К) = —————- = 148.1= aco, = M (1) 
асасо, 0510 ? I bar 


since the activity of all the solids are unity. 


3 
К, 2(150 К) SQ Fo, Co. 00277 = co. = “со. 














з (2) 
T FeO SiO, со, асо, — Yco, 
and 
аьло, 1 1 Баг is 
K,3(750 K) = 159: 257. = 08973x 10" а | 

7 pe0sio, 0, do, Yo, 
P 

Jor" = 1242 x 1078 (3) 
r 


From eqn. (2) we have 


2©O_ ~ 0.0277 , while from spectroscopic observations ŽS% = 107^ 
Усо, 


Усо, 
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Also, from eqn. (1), Ко, ~ 148 Баг, while 


Chapter 9 


from the probe, the total atmospheric pressure is only 


between 75 and 105 bar. Finally, from Eqn. (3), we conclude there is no O, in the atmosphere, 


compared to a trace from spectroscopic observations. 


Conclusions? Somewhat ambiguous! 


Calculations and data are not in quantitative agreement, but are certainly in qualitative agreement. 
Consider the uncertainty in all the measurements, the atmospheric model is undoubtedly a 


reasonable one, and can not be rejected. 


9.21 (а) The condition for chemical equilibrium is 








-АСУ dX 
КУ =exp| — =" | = —EB.: vapor phase (1) 
RT асан 
ог 
BE L ab 
KŁ = exp —— | = ЕР. ; liquid phase (2) 
RT асан 


where АС is the standard state Gibbs free energy change on reaction in phase i. 
The phase equilibrium requirements are 


fe = fas» ТЕ =f and da = fx (3) 


-830 kJ/mol, and ҚУ =3482 x10'^. This implies that the 


reaction will go, essentially, to completion in the gas phase. Now С = Н – Т5 , and for most 


From problem statement AG " 


—rxn 


liquids neither АНУ” ог TAS"? is more than several kJ/mol. Also, since, for hydrogen, the 


AG" 


—rxn 


vapor is the stable phase, GL > су . Therefore, it seems likely that will be of about 
2 2 


the same size and sign as AGY- Consequently, the liquid phase chemical equilibrium constant 
will also be large, and the hydrogenation reaction will essentially go to completion in the liquid 
phase. 
= mole fraction of styrene will be very small in both phases. The problem then reduces to 
determining the solubility of the excess hydrogen in the liquid ethyl benzene, and determining 
the amount of ethyl benzene in the vapor. Thus, the equations to be solved are 

zL _ су L 

Јев = Јев = ХЕБУ вв = УввР 
апа 

А-А m ин =YP 

Here we have assumed that the vapor phase is ideal. 
As a first guess, we will assume that very little hydrogen is dissolved in the liquid phase. Thus, 
Үрв= 1, Фьв = 1, and, using regular solution theory 


8.314 J/mol K x298.15K 

=> үң = 1175 

Next we have to estimate the fugacity of hydrogen in the liquid phase. An obvious way to 
proceed is to use Shair's correlation, in Sec. 8.5. However, hydrogen was not used in 
developing this correlation, and Prausnitz warns against its use for light gases such as hydrogen 
and helium; since experimental data are not available, we have little choice but to use this 
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(b 


хи 


correlation. Мое, however, that for hydrogen, Те = 332 К апа Б, = 12.97 Баг, so that 
T, =T/T, = 8.98, which is off the scale of Fig. 8.3-1. Ш we extrapolate this correlation to 


Т, = 898 (a very serious assumption), then we obtain (F IBA; eg 4 , and 


f (L013 bar, 25° C) = 4x1297 bar = 5188 bar 


[Note the the Poynting pressure correction of this result to 3 bar total pressure is negligible.] 
As a first guess, we will assume that the gas-phase is essentially pure hydrogen. Therefore, 


Р 3b 
же = ----00749, and x, =1- x, = 0951. 
Yufu 1.175 х51.88 bar 


Using the vapor pressure data for ethyl benzene, plotted in the form of In Р“? vs 1/Т, we find 
that PB,” = 1.273 kPa at 25°С. 


Law. 095111273 
в Р 3х 100 КРа 
and y, = 0996 [Since the gas phase is almost pure hydrogen, as assumed, there is no need to 


z 0.004 


iterate to a solution]. 
хн = 0049 уң = 0.996 


=> xy, = 0.951 and y, = 0004 
ж =0 у = 00 


at Т =25°С 
and P =3 bar 


An alternative calculation is to use the Peng-Robinson equation of state. The critical properties 
of hydrogen are given in Table 4.6-1. The values for ethylbenzene are Тс = 617.2 К, Pc = 36 
bar, 63-0.302, and Тв=409.3 К. There is no binary interaction parameters for hydrogen with 
other components in Table 7.4-1, so we will assume that its value is zero. Using the isothermal 
flash calculation in the program VLMU we obtain the following results 

xy = 0.0018 Ун = 09952 


хрв 0.9982 апа y, = 00048 
x, =0 У = 00 


at Т 225C 
and P =3 bar 


This may be a more accurate calculation than using regular solution theory which required an 
extrapolation of the Prausnitz-Shair correlation.. However, the result is based on the assumption 
that k; = 0. It would be better to have some experimental data to get a better estimate of this 
parameter. 


At 150?C and 3 bar. 

Using the data in the Problem statement, Appendices II and IV ме find 
K (T 2150? C) = 31х10. So again we can presume that all the styrene in the vapor and liquid 
phases is converted to ethyl benzene. 


As a first approximation (iteration), we will assume that the liquid phase is essentially pure &hyl 
benzene. Thus we obtain 


(325-88 
үзгэн 31325-88) | үү» 
1987 х423.15 


Here again, we find, extrapolating Fig. 8.3-1, that 


3 
T 
~ 5188 bar > = —— = 0052 
fa н = 188x112 
and ху, 21-0052 = 0948. 
Now, however, Рав’ ~ 1303 Баг 
1.303 x 0948 
=> Ув = 3 о = 0.412 


Now using these values for another iteration, we obtain 
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9.22 (a) 


Хх, =0.029 y, =0586 Т=150°С 
Ха = 0.971 уњ = 0414 3 bar 
xq ~ 0 Ver = 0.0 


Again using the Peng-Robinson equation of state, the program VLMU and the assumption that 
Ку = 0, we obtain the following 


x, =0.0016 y, =05034 Т-150%С 

Xgg = 0.9984 урь = 04966 3 bar 

Xs ^0 Ут = 00 
In both parts a and b we see that the results of the equation of state calculation are in qualitative, 
but not quantitative agreement with the Prausnitz-Shair correlation. However, the latter predicts 
much higher solubilities of hydrogen in the liquid phase. The equation of state calculation is 
much easier to do (given the availability of the program VLMU). If some experimental data 
were available for hydrogen solubility in ethylbenzene (or other aromatics), the value of ki 
could be adjusted to reproduce that data. Then we would have more confidence in the equation 
of state predictions for the problem here. If such experimental data were available, it is not clear 
how one would adjust the Prausnitz-Shair correlation to match that such data. 


Energy balance on a fixed mass of gas 
. 0 . 
40 Qr pu £y әд- au) (әу) (әт 
dt dt ді), NOT Jj NOt у 


Q дәу 
b - MA. 
куст (55) 


ді 


Now U =} NU, =} №0, , since we will assume the gas is ideal at the temperatures and 


V 


T 
pressures encountered here. Also №, = N;o*tv;X and О (T) = U (T,)- | сат where Tp is 
TR 


some convenient reference temperature. 


д0 a ON, aU, 
=) EN ee U.= IL К М; IL 
Cy eff 38) (5) Емш Эрэ» | ЭТ | 


ӘХ ӘХ 
= 471--- ; = А Т) — : (Т 
rw [SF] + мо, 9 ЕЗ + PNG if ) 


V 


where AU „= ууш ,^ internal energy change on reaction. 


Species balance table 








Species In Out У; 
№0, 1 1-Х = 
1+Х 

NO, 0 2X 2 
1-Х 


X 1+Х 


Solutions to Chemical and Engineering Thermodynamics, Je Chapter 9 


2 
_ ахо, Е (умо, Р/1 Баг) Е уко, Р _ 4Х?(РЈ bar) 





К„=———=-——————=——-= 
ano, (Унш,Р/ Баг) Yno, ba) (1- XY1-4 X) 
P В 
By the ideal gas law РУ = NRT 2 — = —0— where the subscript о denotes the initial 
NT Nolo 
conditions 
N \ T 1.013 bar(1+ X)T 
5 p p| A | Т | 1013 ba oor 
No A To 300 
Бе 4Х7(1-- X)T-1013 _ 4.1013. X?T 
* (-ха+хЖ (1-ХТ 
x? ТК, 


or ——-—À—— -a Х?-о(1- Х)-0 
1-Х 4-1013-Т 


ЕЕЕ Ее (1) 
аа 4 ша 
OREI Е ЇГ к ат 


А 
: dino dinK, 1 АМ, Also 


dT T RT? 





bu 


AU xn = уу, 57 Die x RT) = AH yn 572 RT) vi (2) 


Y vis12 AU, - AH,,,- RT 


—rxn 


2 
(AU na) 1 
= Сун =(1- X)C + XC „шшш, | ye 3 
V eff V.N50, V,NO; RT? (0) ) (3) 


First two terms give the composition (mole fraction) — weighted heat capacity of the individual 
components; the last term is the enhancement of the heat capacity due to the chemical reaction. 
This term has опе AU |, dependence since that amount of energy is absorbed as the reaction 


equilibrium shifts, and a second AU „„ dependence, since this determines the extent of a shift in 
the equilibrium with temperature. 

Using CHEMEQ and the data in Appendix II (for C ) InK, was determined at each 
temperature along with Су for both NO, and М,О,. Then, from Eqns. (1) and (3) X and 


Cy ef as well. These are tabulated and plotted below. 


(b 


wm 


T(K) о X P(ba) Сумо, Сумо, Сует 


300 0.044275 0.1891 1.205 37.11 78.83 410.5 
350 1.0016 0.6177 1.912 38.94 84.47 546.9 
400 10.0613 0.9163 2.588 40.65 89.55 195.9 
450 58.883 0.9835 3.014 42.22 94.06 69.11 
500 236.25 0.9958 3.370 43.67 98.01 49.23 
550 721.36 0.9986 3.712 45.00 101.39 46.49 
600 1796.25 0.9994 4.051 46.23 104.20 46.71 
700 7220.4 0.99986 4.727 48.36 108.12 48.45 
J/mol К 
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140 beo 
по 
Зоо 
РА ©, 
чоо 7 
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go кие) 
Су Зоо 
“о 
с у, EFF 
а/ө! к 


Риге Cnnponear 
Dear Capac nes 





= = == ewe = = == + = -ж-ж- 
=.. — -— = = 
=. --- -ж- - 


komen 


було, 


722 goo 


T(K) 


9.23 This is a very difficult problem. I used the NASA chemical equilibrium program, referenced in Sec. 


9.4, in the solution of this problem. I will describe here how this problem could be solved without 
this program. 


First we need to identify the independent chemical reactions among the components. Starting from 


2C+2H = HCCH 


20=0, and first using 
C+0= СО 2H = HCCH - 2C 
2Н-0-Н,О to eliminate Н, and then 
С+2О=СО, 0-70; 
2H = Н, to eliminate О 
yields 

C+ Žo, = CO 


HCCH+ 70, =H,0+2C 


С-О,-СО, 
HCCH =H, +2C 


From Fig. 9.1-2 we have that К, for the reaction C +(1/2)O, = CO is very large over the whole 
temperature range (і.е., K, = o(10'°) at 1000 K and О(10°) at 3000 К). Since О» is present in 


excess, this implies that their will be no solid carbon present. Thus, we will eliminate C using the 
reaction equation C = CO- (1/2)0, = 
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3 
1) HCCH Yos = H,0+2CO 


1 
3) HCCH +0, =H,+2CO 


The three equations above form a set of independent reactions that сап be used for the description of 


this reaction system. In fact, since eqns. (1) and (3) are both expected to go to completion, I used the 
following reaction sequence for the description of this system: 


HCCH+ 20, =Н,О+2С0, mnl 
I 
CO+ 70; = CO, rxn 2 


1 
Bor O= Ho rxn 3 


The first step in the numerical solution of this problem is the calculation of the equilibrium constants 
and heats of reaction for the reactions above. Using the program СНЕМЕО I obtained: 


T 3000 3100 3200 3300 3400 
АН, -1310 -1320 -1332 -1345 -1361 KJ 
Ка 159х105 290x10? 582x10'^ 127х10* 297х10° 
АН xn 256.2 2512 245.5 238.8 2210 К] 
Ка2 0.3246 0.4507 0.6092 0.8027 1.033 
NH. 261.9 264.9 266.9 269.9 2735 K 
Каз 0.0476 0.0668 0.0922 0.1252 0.1675 

T 3500 3600 3700 3800 3900 

AB xn -1378 -1398 -1419 -1444 -1470 K 
Ка 745х102 1.98х10? 554х10" 1.633ж10" 5006x10!? 
AH ә 222.2 212.1 200.6 187.6 1730 К] 
Ks 1.299 1.598 1.926 2.274 2.633 

AH sa 271.6 282.2 287.5 293.5 300.2 KJ 
Каз 0.2213 0.2891 0.3738 0.4793 0.6098 


Clearly, with such a large value of the equilibrium constant, reaction (1) must go essentially to 
completion. I will assume it does. Thus, the reaction stoichiometry is 


HCCH +20, =H,0+2CO, Х,=1| Мое: These 


1 reactions are the 
COSCON О; Х,-2 


inverses of 


H,O = H, +20, Х. = ? | reactions 2 апа 3 above. 
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Species Initially After rxn 1 Equilibrium У, 
goes to completion 
HCCH 1 0 0 0 
15 5 5 1 1 5.1 1 
O Бөле = —+-—Х›+-—Х —+—X,+-—X 
2 4 Lesern (žni) 
со, 2 2-Х, 2208 
pa 
Н,О 0 1 1-Х, с; 
Е 
Н, 0 0 Х, 23 
У 
CO 0 0 X, 29. 
E 
17 1 
=—+—(X,+X 
E-TeIl0G X) 
y2 y2 
210 асоа Усо Y 
= (к, -) Ен CO O, = CO O, 


5 Усо 


5/4) +002) х, + (у2)Х:ЈР? 
(2 - х, (17/4) + (1/2) X «arx; 


2 


(1) 


(where for simplicity I have assumed that the standard state and atmospheric pressures were the 
same) and 





(K, py 2 Л = ун, » Х|(5/4) +(1/2)X, 4 (1/2) х.] 2 
аз ан,о Ymo — (1-Х4(27/4)-(12)Х: 4012) x.]^ 


where the equilibrium constants К,; and K,4 аге the ones whose numerical values are given in the 


table above. 

Instead of solving these nonlinear algebraic equations, I used the NASA Gibbs free energy 
minimization program to find the equilibrium mole fractions. Since this package uses a different set 
of thermodynamic data, the computed mole fractions do not agree with eqns. (1 and 2) and the table 
of equilibrium constants given above. The results are: 





T(K) 3000 3200 3400 3600 3800 4000 
Yeo 0.1530 0.2126 0.2605 0.2940 0.3154 0.3284 
A 0.2777 0.2017 0.1395 0.0945 0.0642 0.0442 
Ун, 0.0153 0.0254 0.0384 0.0539 0.0705 0.0869 
Yno 0.2001 0.1818 0.1616 0.1404 0.1193 0.0995 
Yo, 0.3539 0.3785 0.4000 0.4173 0.4307 0.4410 
X, 1.3017 1.5126 1.6609 1.7614 
X; 0.1920 0.2771 0.3710 0.4658 
АН (kJ) 1006 -987.8 -997.0 -1025 


Tap 
[Gar (к) 


Т 


їп 


616.3 691.2 775.7 871.9 981.1 1106 
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In the table above, the mole fractions were computed using the NASA program, X, and X, were 


then computed from the mole fractions using 
н, = Xj and усо = X, |} 


Тар 
and the integral | Gar were computed using Eqn. (9.1-19а) 
Tin 


and the АН... data in Table A6.1 and Cp data in Table 2.4. Also, 


where ET 06 X). AH, 


xn 


AH (T) = AH au) X, AH, GE ХАН, Т) 
апа 
Tap 15 Тар 
| (ce uccu += Cp, yr- ]Фат. 
Tin 4 Tin 


Finally, from eqn. (9.7-10а) we have, at the adiabatic reaction (flame) temperature that 


€ Тр 
0-2 (м), | б ar Yan ва/(Тар)Х; 
isl Tin 
or, in the notation here 
Тар 
| С.4Т--АН,(Туу)-0 
Tin 
Tap 
Plotting up the results in the previous table, i.e. J Gar vs Tand АН, , vs T, leads to the solution 
Tin 


Typ = 3830К Х,-1680 X, = 0387 
Yoo, = 0.0606, усо = 03180, Унд =01 160 
Ун, = 00732 апа Yo, 204322. 


Comment: The solution above considered only О,, Н,О, CO,, CO, Н, and HCCH as possible 
reaction species. At the high temperatures involved here, other reactions and other species are 
possible. This is obvious in the results below. The dashed lines result from the chemical 
equilibrium program of NASA with only the species mentioned above as allowed species, and the 
solid lines result from the Chemical Equilibrium Program with all species allowed. 
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0.5 
5.4 

5.3 

P. 
0.2. 
4.1 
ð 
3000 3200 3400 3600 3$00 $ooo 
7C к) 


Note how different the two solutions are! 

The actual (unrestricted) solution has O and H (not ions, but atoms) as important reaction products, 
but these species have not even been considered in the adiabatic reaction temperature calculation. 
The conclusion is that restricting over consideration to just the species in the problem statement is 
unjustified! 


9.24 (also available as a Mathcad worksheet) 


C.H; › C.H 
C-H, C-H, 
C.H:C;Hs 
Using the program CHEMEQ we obtain that at 600 K, К, = 3450 апа АН, =—103.94 kJ/mol 


for the reaction 
С,Н,(е)--С,Н, (8) = C;H,C,Hs(g). 
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To find the extent of reaction we use 














Species Initial Final y; а, 
1-Х 25 
C,H, 1 1-X poem (| Р | 
2-X 2— X /\1 bar 
1- X - 
C,H, 1 1-х | LI G= р | 
2-X 2— X Xl bar 
X 
сн, 0 X шаг 551 Р | 
2-х 2— X /\1 bar 
2- X 
К 23450- “баса: _ _ [X/Q - ФРИ bar) 
а d 2 2 
ас,н, dog, [1— Х)/@— Х)] (P/1 bar) 
Ш X(2- X) 
(1-3) (Р/1 bar) 
Total of moles 2-X 
Now P= Paas = 1.013 bar x = 
Initial # of moles 2 


2»X:QeX) _ 2X 


=> K, = 3450= а 
1013-(1— XP- Х) 1013-1-Х) 


which has the solution X = 0927 and P = 05434 Баг. 
Heat which must be removed to keep reactor isothermal is 
0.927 х 103,940 = 96,352 J (removed) . 


1 1 
9.25 The two “reactions” are HI(g) = 21:26) 26) апа I, (в) = Ls). 


Using the data in the Chemical Engineer's Handbook we have 





AG xn,1 = 195kcal = 8.159 kJ AG хә = —4.63 kcal = -19.37 kJ 
° /2 12 
—AG 

K, = exp; — | = 372x107 = Hr b. 

4 ЕТ ayy 

-АС, ау, ($) 

Каз = хр" —24783=—Ё 
ЕТ a, (в) 


Solid precipitation of one tiny crystal is just like a dew-point problem, that is, at the pressure at 
which the first bit of solid appears the vapor composition is unchanged. Therefore, the first step is to 
compute the vapor composition due to reaction 1 only. 


Species Initial Final у а; 
HI 1 127 ТЕ ОЕ 
1 айт 

Н, 0 -Х -Х 0/2)ХР 2)ХР 
2 2 1 atm 
1 1 

E 0 lx ly — QaxP 
2 2 1 atm 

25 1 


Note: standard state pressure in the Chemical Engineers Handbook 18 1 atm. 
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atm)? 
=> 372x107 = LAU us 2 


[(- ХХРЛ аш] 20-X) Кал 


or 


2K 
x = —— = 0.069248 (independent of pressure!) 
2К 1+1 


d, 
Thus at all pressures (low enough that nonideal vapor phase corrections can be ignored) we have 


Ун, = у, = 003462 ; yy, = 093075 


which is the composition of the vapor when the first precipitation of solid L, occurs. 


Now consider the second reaction: 


P 
aj) 71 а) = Jo! Ганц 











1 1 айт 
> K, 2 2247832 —— —— > P= 
yi, CP/1atm) KM, 


latm 


------------(.01166 atm = 001181 bar. 
0.03462 x 2478.3 


Thus, if P > 001181 bar precipitation of solid I, will occur. 


9.26 (а) 2МаНСО,(5)- NaCO,(s) +CO,(g) +H,O(g) 


a Aco а a =1 
масоз@со„@н›о мансо | 
КЕ but ? i Jota 
a = 
Ч NaHCO? NaCO; 
=> К, = ан.о@со. = Pio Ко». 
= Он,о4со, = 
а 2 ? [bar 1 bar 


М, 
but РЕУР = — P where N= total moles іп gas phase, N, = moles of i in gas phase and 


1 1 








1 
Ми,о = Nco, > Fijo = Ко, gos 
Therefore 


«8 


1 Баг 


апа 


100 КРа 


2 
(1/2) х16697 из] atus 
100 kPa 


In К,(309С) = -10979; In K, (110°C) = -03610 


1/2)x 0826 kPa Р 
Koro =|! к | -1706х107 


K,(110°C)=| 
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ln ey (ry EOD In K (т) = > | | (1) 


а 


This assumes that AH „„ is independent of T, the only assumption we can make with the limited 


data in the problem statement 


> AH,,, = 128.2 КІ 


(b) Going back to Eqn. (1) above we have 


K (T)= K,(T = 30C) ex (- o (7) =1.706 x105 өң -1542 E 3715) 
R (Т 30315 Т 303.15 


1542 1542 
2 7 +508659 = 308871 2 





In K, = -109788— 





(c) Ко, 210 bar = Fio — 10 bar P = 20 bar 
2 
> K,(T) - 220020 =1 
—T = 386.6 К =113.45°С for Ro, = 1 bar. 


9.27 Reaction С-2Н, -СН, 
Using the program CHEMEQ we have К (Т = 1000 K) = 0.09838 

















Species Initial (gas) Final (gas) У, 
С 
H, І fene -1223 
1-Х 
X 
CH, 0 X жалы т 
1-Х 
2 1-Х 
K асн, | сн, ХР И Ё bar) 
^ асан, аң, (-X)bar (1-2XY V P 


X(1- X)1bar Х(1- X) 

—2Х)” P МХ 

The solutions to this equation are X = 00769 ad X = 09231. 

With such a small value of the equilibrium constant, the X = 00769 solution is the correct one. 
This implies Ун, = 0917 аш усн, =0.083 

This is (probably within experimental and calculational error) essentially the same as the equilibrium 
composition. Therefore, the reaction process is thermodynamically limited, not mass transfer 
limited. Consequently increasing the equilibration time by slowing the hydrogen flow will have no 
effect on the process. 


01004 = 
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9.28 (also available as a Mathcad worksheet) 
Reactions 


C+H,0=CO+H, 
C+2H,0 = CO, +2H, 

СО,-С-2СО 
CO+H,0=CO, +H, 


For simplicity, let’s write reactions 1, 2 and 4 in reverse 


CO+H, =C+H,0 
CO, +2Н, =C+2H,0 
СО,-С-2СО 
CO, +H, =CO+H,0 


Now need to identify the independent chemical reactions. 
Start by writing 


С+О = СО Eliminate 


| С+О=СО 
2Н-0-Н,О  reaction4 
: => H,+O=H,0 
С-20-00, since no 
С+20 = CO, 


2Н = Н, Н present 


1 1 
Now use О = ges Аты to eliminate О since no atomic oxygen present. 


1 1 
С--СО,--С-СО 
2 2 


1 1 
Н,---СО,--С-Н,О 
2737275 2 


ог 
С-СО,-2СО This is one set of 
2H, * CO, = С+ 29,0 ) independent reactions. 
Add these two 


2H, +C+2CO, = 2CO+C+2H,0 S H, + CO, = CO HO 


We will use 


H, + CO, = CO+H,O | аз Ше 


2H,+CO,=C+2H,O) independent reactions. 
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Species Initial Final y; а, 
CO, 1 1- X,- X, 1- X, - X; ——À P 
Y у 1 bar 
H, 1 1- X, -2.X, 1- X,-2X, AA P 
X Y 1 bar 
CO 0 Bo X, Р 
x У, 11 bar 
Н,О 0 Х,-2Х, Хү-2Х, GM P 
Y Y 1 Баг 
С 0 (X5) 0 
(not in gas phase) 
У-2-Х, 
Kv асоғно _ X (X, + 2X;) 
"| @соЧн, (1- X,- X y1- X,-2X,) 
g “с = Пано (Х,+2Х,)°(2- Х,) uber 
О Re стз ЛОГО 
ан,4со, (-Х,-2Х,)(1-Х,-Х,) P 
Using the program CHEMEQ, I find the following 
T(K) Kai Kao 
600 0.3665x 107 758.6 
700 0.1110 48.43 
800 0.2493 5.950 
900 0.4596 1.137 
1000 0.7387 0.2974 
(а) No carbon deposits X, = 0 
2 2 
Ku = sai and a2 = шан, l bar 
(1- X1) (1-х) P 
Solving these equations, I find 
T(K) 600 700 800 900 1000 
P(bar) 1151x10'4^ 611х103 0.126 1.357 9.237 


If the pressure fora given temperature is above the pressure calculated, carbon 
will deposit. 
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9.29 


9.30 


9.31 


(b) Exactly 30% of carbon is deposited X, = 03 
Xi (X, +0. : 

юу (М +0.6) and oe (x, 0.6) (17) : 1 Баг 

(07-Х/(04-3Х) "-4(07-Х/(04-3Х/) P 





T(K) 600 700 800 900 1000 
X, 0.0157 0.0410 0.0750 0.1104 0.1427 
P(bar) 0.0084 0.170 1.972 15.266 85.419 


The reaction the engineer is concerned about is 

Ti(s) + SiO;(s) = Ti0,(s) + Si(s) 

This is equivalent to the first reaction in the problem statement minus the second 
reaction. Therefore 


Ла" = —674 – (644) £L = -30 £L = —30,000 n 
ын то] mol mol 


and the equilibrium constant for this re action is 


А о 
К,-ехр- Cua |- ex ( or) =17.02 
В.Т 8314.1273 


Consequently, as the engineer fears, the titanium purity will be effected by high 
temperature contact with silicon dioxide. 





From Eqns. (9.1-8 and 9.9-6) we have that 
nFE? = RTlnK, = -АС n 
Consequently, by measuring the zero-current cell potential we obtain the 

standard state Gibbs free energy change on reaction (if all the ions are in their 
standard states). Now if we continue further and measure how the zero-current 


standard state cell potential varies as a function of temperature, we have 


nF = = 1% | = AS. 
01 /, ƏT Jp 


Consequently by knowing the zero - current, standard state cell potential 
and its temperature derivative we can calculate AH, from 


Аб = АН, = TAS xn or АН, = АС, + TAS n 








Similarly starting fromnFE = —АС\ „апа the measured zero-current potentials, 


we can calculate the enthalpy and entropy changes for the reaction when the 
ions are not in their standard states. 


The chemical reaction is 

CH3-CHOH-CH; = CH3-CO-CH3 + Н 

Assuming we start with pure acetone, the mass balance table with all species as 
vapors (given the high temperature and low pressure) is 


Species in out y a 

i-prop 1 1-Х (1-Х)/(1+Х) (1-Х)х95.9/(1+Х) )х100 
асеїопе 0 X X/(1+X) Хх95.9/(1-Х) )»х100 
hydrogen 0 X X/(1+X) Хх95.9/(1-Х) )х100 


У, 1-Х 
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But X= .564, so 4атр-0.2673, and dace = аң =0.3458. Therefore 


о 


А 
- 04474 -ехр ACn 
RT 


аасеан _ 0.3458x 03458 


K, = 
ip 02673 


о 


А 
-08043-- A so АС? 28314 x4522 х08043 = 30238- 
RT mol 


—гхп 


9.32 The reactions аге 
СН + Н» = 1,3-cyclohexadiene 
СН; + 2H, = cyclohexene 
CoHo + ЗН, = cyclohexane 


The Gibbs free energy of formation data needed to solve this problem 
о kJ т kJ 
AG у (benzene) =1245 — AG (cyclohexene) = 1069 —— 
mol mol 
© kJ E : kJ 
AG’, (cyclohexane) =269 —— AG ,(L3— cyclohexdiene) = 178.97 —— 
Ек mol ^ mol 


The Gibbs free energy of formation for 1,3-cyclohexadiene is not available in 
Appendix IV, Perry's The Chemical Engineer's Handbook or the Handbook of 
Chemistry and Physics. The value was found using data on the WWW site 
http://webbook.nist.gov/chemistry. This Web site contains the National Institute 
of Standards and Technology (NIST) chemistry data book. The values found on 
this Web site are 


kJ 
АН? (1,3— cyclohexdiene, 298.15 К) = 7141 —— 
ШЕ то] 





5(1,3 —cyclohexdiene, 298.15 К) = 1973 
mol. К 


S(C,graphite, 298.15 K) = 588 





mol. К 
S(H5, 298.15 К) = 130.68 





mol. К 

Note that these entropies are with respect to the entropy equal to zero for the 
pure component and 0 К. Also, the entropy change of reaction at 0 К is zero for 
all reactions. Therefore 


AS (13 —cyclohexdiene, 298.15 К)= 
S(1,3 — cyclohexdiene, 298.15 К)-6-5(С, 298.15 K) - 4- S(H;, 298.15 K) 


= 197.3— 6-588 —4 -130.68 = -360.75 





шо1-К 
АС (13 —cyclohexdiene, 298.15 К) = АН, - TAS". = 71410- 29815-(—360.75) 
= 178967 d: = 17897 425 
то] то] 


The mass balance table assuming all the organics are present only in the liquid 
phase, and that the hydrogen is present in great excess to keep its partial 
pressure fixed at 1 bar. Also, since all the organics are so similar, we will 
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assume they form an ideal liquid mixture, and that there is no hydrogen in the 
liquid phase. Mass balance table for liquid phase: 


Species In Out x activity 
Benzene 1 1-Х, -X5-X3 1-Х, -X5-X3 1-Х, -X5-X3 
1,3-сусіоһех 0 М М М 
cyclohexene 0 X» X» X» 
cyclohexane 0 X3 X3 X3 

Total 1 


The equilibrium relations are 


K = 3 _ X, Serd — 178970 - (24500)! 
"^ аьын, 1-Х-Х,- Хз 8.314 х 29815 
= ехр(—21973) =2866 x10 !? 
@сусһепе X» ( (106900 = cm 
К, Dae ae ae = = руп ———— 
“ аай, 1-Х-Х,-Х; 8.314 x 298.15 
= ехр(71002) = 1212.2 
@сусһапе X4 ( (26900— | 
К-----дД-------5----ер--------- 
"o ани 1-Х-Х,- X, 8314 x 298.15 


= exp(39374) 212587 x10!" 


By examining the values of the equilibrium constants, or more directly by taking 
ratios of these equations, we see that X5 is about equal to unity. Then by taking 
the ratio of the first of these equations to the third, we have 


X, 2866x109 E 

Е 227 X10 = X; 

X4 12587х10 
and by taking the ratio of the second of these equations to the third 
X. 12122 

= = = 963x 10 = X, 

Хз 12587х10 


This suggests that X3 ~ 1, X? is of the order or 101”, and Х is of order 
1077, Thus the benzene will react to form essentially all cyclohexane. 


9.33 The process is 


5 x 10? mol/kg . 
Мон — —Ф 5x 10° mol/kg N; out 


2 — —* 5х 10° mol/ka N, our 
Мон 5x40? mol/ka 


Assume all other component concentrations are unchanged since the glucose 
concentration is so low. The mass balance is 
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№ + М = Niou + № out 
If біз the rate of glucose transported, then 
(No) ou = (о) +ӧ 
(№), = (№),„-5 
The energy balance is 
-(Y Мн) „+E МА), a (LM Hi), NE МН), «дағ 
and the éntiopy balance is 
= (EM), «(E A5), ENS), (LMS, gg EH Sen 
The kidney operates reversibly, and minimum work implies Sgen =0. 


Subtracting T times the entropy balance form the energy balance gives 


= (У N,Gi), mu (> М9), z (> Мб) Е (Y NGi хи +W 
W -(YN, а), АЛУЫ билэ -È ма) -È NiGi) a 


(кабо), + Noo, (тебе), (жебе), 


= (№ } +56) Ja +((Na) б/і -8(6:) Ж - (№6), (Або), 
Now since the concentrations are very low, and have not changed significantly, 
(Gc), .. = (Ga) и and Ga), iy = (Gc), , 
Therefore 
w -&cs) - (Сс) | 


(since, from the previous equation, we can eliminate the subscripts in and out). 


Then 
W n. m (fa) 
s[e.) -(Ge),}- ar 2 
Gio 
Now assuming ideal solutions (or that the activity coefficients of glucose in blood 
and urine are the same) 


Ў _ erin (го), = вт (хо), | = аг СӨ 
5 (fc), (xa) (Сс), 


where we have assume that both blood and urine, being mostly water, have about 
the same molar concentration. Therefore 


сати 0 ДЕ RT In(100) 
5 Сс), 5x10% 











x 310.1 K x In(100) = 11873 2—= 11873 SL 
mol K mol mol 





= 8314 


Note that body temperature is 98.6°F = 310.1 K 
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9.34 (also available as a Mathcad worksheet). 





9.34 
Given: 
Т:=298.15-К M | :=0.0001 22E M 3 :=0.01 X% 
liter liter 
2 1 
mole 2 joule 
а :=1.178 | 299 R:-831451 Jone 
liter K-mole 


Using eqn 9.9-10 and the Debye-Huckel limiting law of eqn 7.11-15: 


In(y )=-0 -4 |-м Си$04 
1 (М cuso4) “ӨР a 84M mem 


oe +2R-T ln TAAL М ) 


АС -28ВТ4їШ|--- 
2moles 
м, 1(М2 








The change is Gibb's Free Energy calculated above is for two moles of electrons (п-2). Тһе 
number of moles of electrons in this problem is calculated below: 


€ 0.01:mole — 0.0001 -mole п=99 103 гаас 
2 
n 
AG:- я А Gomoles 
2 
У тах :=А С (for a process at constant temperature and pressure) 


Wmax = 792.204  *joule 


9.35 (also available as a Mathcad worksheet). 
From the Steam Tables РҮ?Р = 12.349 kPa 
From СНЕМЕО К,-1712 
Нунз (from problem statement) = 384.5 kPa/mole fraction 


The solution at various pressures is 
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P (kPa) Х f 
0.10 0.0899 0 
0.25 0.2017 0 
0.50 0.3467 0 
1.00 0.5478 0 
2.00 0.7868 0 
4.00 1.0322 0 
6.00 1.1670 0 
8.00 1.2559 0 
10.00 1.3204 0 
12.00 1.3701 0 
14.00 1.4099 0 
16.00 1.4429 0 
18.00 1.4707 0 
18.40 1.4757 2.02x10 9? 
18.50 1.4797 0.0114 
19.00 1.4996 0.0680 

20.00 1.5339 0.1589 
25.00 1.6437 0.3989 
30.00 1.7063 0.5068 
35.00 1.7488 0.5713 
40.00 1.7806 0.6162 
50.00 1.8267 0.6792 
60.00 1.8602 0.7261 
70.00 1.8869 0.7661 
80.00 1.9093 0.8030 
90.00 1.9291 0.8388 
100.00 1.9472 0.8745 
104.50 1.9449 0.8908 


X, molar extent of reaction 
= = = «f, fraction liquid 





Pressure, kPa 
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9.36 (also available as a Mathcad worksheet). 


9.36 


Rxn: C8H18 + 25/2*О2 = 9"Н20 + 8*CO2 


Given: 
“л joule __ joule = joule 
mole mole mole 
A Hf су) =-393500 12e A Hf ppo :=-2858002°° 
mole mole 



























































Cp со2(Т) snad 81 + 597110 2 T.| 9998 1. 3499.10.12. _ 24 | 5 454459. ый 1086 
mole:K mole -K? mole -K? mole-K* 
Cp қо(Т) eas Le _ 0157.10 2.T.| JOM | одов лт 2059 | е 1088 
mole-K mole -K? mole -K? mole-K* 
Cp н2о(Т) нил agio t 3998 | үо55:405:12 2099 | 4 595.459. ы 10868 
mole К, mole-K? mole -K? mole-K* 

Mass Balance Table: 

Species In Out 

C8H18 1 0 

O2 25/2 0 

N2 (25/2) (0.71/0.21) = 42.26 42.26 

СО2 0 8 

H20 0 9 

Total 55.76 59.26 

: Я 25 
Nin C8H18 ‘= 1-mole Nin O2. x cx Мур ‘= 42.26-mole 
Nout CO2 ‘= 8-mole Nout но 9-mole 
Energy Balance at Steady State: 
k 

0= > МҮН, +Q- | РАУ-У/ (where Hi is the partial molar enthalpy of species i) 


1=1 
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Assuming no heat flow, no change in volume of the engine, and an ideal gas mixture yields: 


k 
w= У! мен. (where is Hi is the molar enthalpy of species i) 
1=1 


Аї 150 С: 


423.15-К 


298.15-К 


423.15. К 


Н но sintio Cp goo( T) dT 
29815-К 


423.15-К 


298.15-К 


W := Nout сор cop + Nout ноо’Н po + М yz: (H n2- SHE No) = Nin сеңін ЭН свнив- Nin g^ Hf o2 


W = -5.233-10° •јоше 


This work obtained is per mole of n-octane. 


9.37 (also available as a Mathcad worksheet). 











R:-831451.9Ule _ 


K-mole 


(at 298.15 K) 


9.37 
Given: 
Т1:5298.15-К P1 := 10°.Ра T2 :=650-К P2 :=10°.Ра 
Kag = 20E A G gg, :=- 50500 30S A G cop := 68500-94 
mole mole mole 
- joule > joule 2 joule 
mole mole mole 
Mass Balance Table: 
Species In Out y 
C3H8 1 1-X (1-X)/(1+X) 
ОНА 0 X X(1*X) 
C2H4 0 X Х/(1+Х) 


Solutions to Chemical and Engineering Thermodynamics, Je 


Calculation of mole fractions and activities: 


























Chapter 9 


yC3H8(X) шээж yCHA(X) CN NM yC2H4( X) CELUM 
1+Х 1-Х 1-Х 
Р Р 
aC3H8( X, P) := уСЗН8(Х): aCHA(X, P) :=уСНА(Х). 
10°-Pa 10°-Pa 
Р 
aC2HA( X, P) := yC2H4(X)- 
10°-Pa 
AG. :=AG AG AG AG. = 42310" «mole! “ой 
on ‘а УСНАТА УСНА З 4C3H8 on™ тое: оше 
АН, АН АН АН AH... = 8.2710 «mole | “ош 
on ‘TA H СОНАТА H CH47 А! сзна nn-9 Hoke Sere 
AG 
rn -8 
Ka =ехр[- Ка = 3.885* 10 
298.15 RTI 298.15 
Part (a): Xs (initial guess) 
Given Ka 59g | Кы ы ылы Xa :=Бїга(Х) Ха = 1971-10 4 
i aC3H8( X, P1) 
С2НА Ха) = 1.97110 4 -4 
yC3H8(Xa) = 1 y a yCH4(Xa) = 1971*10 
Part (b): 
From equation 9.1-22b: 
AH 
rxn } 1 1 
Ка Ка -expl - 1---- Ка = 2.704 
650 298.15 R т T J 650 
Х=.5 (initial guess) 
Given Kagg СВОР АСНА PD мшу, КЕ. 


aC3HS( X, P1) 


yC3H8( Xb) - 0.079 УС2НА(ХЬ) = 0.461 УСНА(ХЫ) = 0.461 
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Part (c) 
Х:=.5 (initial guess) 
Given cg НЫЕ) Xc :=Find(X) Xc = 0.461 


аСЗН8(Х, P2) 


yC3H8( Xc) = 0.369 УС2НА(Хс) = 0.316 УСНА( Хс) = 0.316 


9.38 (also available as a Mathcad worksheet). 











9.38 
R:-831451. Ple G pn 12-2400 tle T :=298.15-K V :24Hiter 
K-mole mole 
8А(ХАЛ А) ЗАД ар 
| _ Р 
аС(ХАЛ с) = (1-хА) tc a p(P) := 
5 
10”-Ра 
С 
Ka :zexp|- —— Ka - 2.633 
Part (a): 
XA 705 (initial guess) 
a p (05107. P3) а chat) 
Given НЫЕ, X A {= Find (x A) 
a ва А(ХА, 1) 
XC = - XA 
XA = 0.16 x c = 0.84 
Part (b): 


Recognizing that the partial molar Gibb's excess is in the form of the one constant Margules 
expression yields: 


Y А=ехр (0356) 7 с=ехр (o3?) 
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_а p\0.5:10°-Pa) a ск, ехр (03x 47)) 


Given X A ‘= Find (x A) 
2 
apa alxa.e[03-(1- ХА) || 
Хү ш1- ХА 
xA = 0.132 хс = 0.868 
Part (с): 


Mass Balance Table: 





Species In Out 
A 1 1-X 
B 2 2-X 
C 0 X 
D 0 X 
Assuming that D is an ideal gas: 
X RT 
P=(n*R*T)/V P(X) := 
Х: 05 (initial guess) 
" ==) ac(X,1) 
Given Kaz M X :=Find(X) 


арад(1-Х,1) 


Х- 0425 
МАХ Мн =2-Х Мс:=Х МЕХ 
и МЕ ‚_ Х.В.Т.шае 
xa :=1-Х хс=Х Ру----- 
у 
МА = 0.575 Мр = 1.575 Мс = 0425 Np = 0425 
xA = 0575 xc - 0425 P p = 2.633-10° “ра 


9.39 (also available as a Mathcad worksheet). 
9.39 


Without dissociation: 


Amount Adsorbed WithoutzKl:a H2 
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Assuming the activity of molecular hydrogen gas is equal to the pressure of hydrogen g 


Amount_Adsorbed_Without=K1-P H2 


With dissociation: 


: 1 
Amount Adsorbed WithsKl.a nt 2 ‘K3-a H 


Using the equilibrium constant for the reaction H2 = 2H, the activity of atomic hydrogen 
solved for in terms of the activity of molecular hydrogen: 


2 
aH 





Given K2z Find (a н) > 


a H2 


Using the positive root for the activity of hydrogen yields: 


Amount. Adsorbed, WitheKl.:a nt = К-К? [а H2 


Assuming the activity of molecular hydrogen gas is equal to the pressure of hydrogen g 


Amount_Adsorbed_With=K1-P Н2+ = КЗ [Р H2 
If the amount adsorbed varies linearly with the partial pressure of molecular hydrogen then no 


dissociation is occurring. If the amount adsorbed varies as the square root of the partial pressure, 
then dissociation is occurring. 


9.40 (also available as a Mathcad worksheet). 


9.40 


Since this is a combustion reaction, the reaction can be assumed to go to completio 


Rxn: 
C4H10+ 15 рх 0.79 13 N294-CO2 + 5.20 4. 29.3 мо 
2 0.21 2 0.21 2 
Given: 
(The values for the Gibbs free energy of formation are given 
A Gf сыно :=- 16600. joule at one bar. The difference in Gibbs free energy between 





mole one bar and one atmosphere will be ignored because it is 
insignificant in this calculation.) 


























Solutions to Chemical and Engineering Thermodynamics, 3e Chapter 9 
mole mole 
kap oE yg :=- 237100208 R:=831451 Joe 
mole mole K-mole 
MW capo = 412.0012 + 10-1.0079-5 
mole mole 
Мү-1-2 шин Мр:=4+ zg DTL i (Total number of moles) 
2 0.212 0.21 2 
13 0.79 13 
13 0.79 13 1 13 2 0.79 13, |021 2 
Сү: Л + А С qn + — — A Ор + ЁТ(ШЦ--14---11--14-----1 
! CAHIO 2 92 0.21 2 Me Ny 2 М 021 2 Ny 
0.79 13 
0.21 2 МЕ Мру 0212 Np 
G,--606710^ «mole 1 «joule 
I E .. 20000-gm 
6 -1 . C4H10 MW су, 
Gp =72.82°10 *mole *joule C4H10 
From eqn 9.8-5: _ 
W пог := (Gg Gy) - RT (N №) 


W :=М c4H10' W molar 


W = -9.515*108° =јоше 


9.41 (also available as a Mathcad worksheet). 


9.41 


Process #1: N2(gas) = N2(metal) 


aN2 metal Н мо ХЭМ metal 
Ka 12--2---5 
ам2 


gas Р х 


Ka Ру) 
xN2 


metal” 
Hyp 
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2.Ка 1 
wtZnitrogen=A Р y2 where = 





Hypo 


Process #2: N2(gas) =2*N(metal) 


2 2 
aN metal = (H NON metal) 
aN2 gas Pro 


Ка 
wal A 2WP кә 
Hy 


Ka >= 


metal” 


| Ка 
pe^ 2 


wt?onitrogenz B: (Р мо where 
Hy 


Chapter 9 


The empirical expression given in the problem is supported by process #2. 


9.42 (also available as a Mathcad worksheet). 


9.42 
(All Units are SI) 


Because this is a combustion reaction, the reaction can be assumed to go to completion. This 
assumption was verified using CHEMEQ where Ka at all temperatures under 4000 K was found to be 


greater than 1010. 


—- — #0 
Tw 


da 
T 
Rxn: CH4 + 2*О2 = CO2 + 2*H20 
AHf ppo :=-241800 ^ АН соо :=- 393500 
A Gf p99 :=-228600 A Gf сор '=-394400 


Heat capacity: 


A Hf o2 :=0 


A Gf o2 '=0 


В:=8.31451 


А Gf уо :=0 А Gf сна :7- 50500 


Cp сна(Т) :=19.875 + 5.02110 7-T + 1268-107 T^ — 11.004-10 ^T? 


Ср o2(T) :=28.167 + 0.630-10 ~-T — 0.07510? T^ 
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Cp wo CT) $= 27.318 + 023-10 ^T — 0.095.10`°-Т? 
Cp gpo( T) := 29.163 + 144910 ^T — 0202-10 ^T^ 


Cp со2(Т) :275464- 1.87210 ^ T— 661.42 


T 


Defining z as the methane to air ratio: 


Mass Balance Table: 


Species In Out 

CH4 9.524*z (9.524*z)-X 
O2 2 2-2*X 

N2 7.524 7.524 

CO2 0 X 

H20 0 2*X 

Total 9.524*(z+1) 9.524*(z+1) 


= КЕ S 


If z«0.105, then methane is the limiting reactant and Х-9.524%2 
If z>0.105, then oxygen is the limiting reactant and Х=1 


X(z) :zif( z« 0.105, 9.524-z, 1) 


Cp ош1(® T) :7(9.524:z- Х(2))-Ср сңд(Т) + (2- 2:X(2):€p goC T) 


Ср out2( Z T) :=7.524-Ср (Т) + Х(2) "Ср со2СТ) + 2-Х(2) "Ср gpo( T) 


CP ou 2 T) := Ср gut Т) + СР оц2(2 T) 


Using equation 9.7-10b: 


Tout := 2500 (initial guess) 
Tout 

T ag (2 ‘=root | Ср out 7 D dT + A Hrxn 25 Х(2). Тош 
298.15 


z := 0.01, 0.02.. 1 
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2500 


2000 


T aq(Z) 1500 





1000 


500 


The solution is approximate because the range for the heat capacity of methane used is only 
valid between 273 K and 1500 K. 


9.43 (also available as a Mathcad worksheet). 
9.43: 


From eqn 3.3-4: 


T,-T 
1 2 
-WzQ; шан (for a Carnot cycle) 
1 
Тү-Т, 
1 
Т 
2 
E = 
“Іт шиг Ин 1 
Ті 
Ті 


801- Ср оос ЧТ | 


T аа(2) 
WP эр ыш 


W Carnot 2) 77 ——M ou(2 T j)dT | 
1 


298.15 
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-W Carnot (2) 
Wobtained Carnot Z) к= CE (Dividing by 9.524 gives the work per mole of air) 


The work obtained by the Carnot cycle is plotted versus z at the end of Problem 9.44 


9.44 (also available as a Mathcad worksheet). 


9.44 

Nout кр := 7.524 Nout сңд(2) :-9.524-2- X(z) (from the mass balance table) 
Nout (202) := X(z) Nout и20(2) :=2:Х(2) Nout 02(2) :=2- 2X(z) №2) = 9.524-(z+ 1) 
Nin cua 7) 12= 9.524-7. Nin 02 2 Nin N2 := 7.524 

T :=298.15 


Partial Molar Gibb's Free Energy: 












































Nout N2 
Gout N26 Z) i=A Gf N2 + R.T-In| ———— 
N(z) 
Nout ox 7) 
Gout ox 7) i=A Gf go + R.T-In| —————— 
№2) 
Nout (z) 
H20 
Gout н2о( 7) ‘=A Gf ноот R.T-In| ——— — — 
№2) 
Nout (7) 
СО2 
Gout cox 7) ЕЛ Gf co2+ R.T-In| ———— —— 
№2) 
Nout (z) Nin 
CH4 : N2 
N(z) №2) 
№ (7) № 
5 CH4 . 02 
Gin cg4CZ) :=А Gf cg + КТО | ————— Gin 02(2) ‘=A Gf o5 4- R-T-In 
N(z) №2) 














From eqn 9.7-16b: 


Outl(z) := Nout мо ‘Gout қо(2) + Nout oot z) ‘Gout oot Z) + Nout cua z) ‘Gout cua 7) 


Solutions to Chemical and Engineering Thermodynamics, Je Chapter 9 
Out2( z) := Nout y9(4) ‘Gout ңоо(2) + Nout co2( z) Gout С02(#) 

In(z) ‘= Nin мо Gin №! 7) + Nin oo Gin ох! 2) + № сн! 2) От cua z) 
“кісе 2) := Outl(z) + Out2( z) - In(z) 


-W FuelCell 7) 
9.524 
The work obtained has units of joules per mole of air. 


Wobtained БиеїСей 7) = 


Р 1410? 
8.494657 10*, 


840 


6+10* 


Wobtained гу 27 





Nobtamed Рае Се С 2) 


410% 
2+10* 


2.287394 10°, 





0.01, 


9.45 (also available as a Mathcad worksheet). 








9.45 
Given: 
ЭР joule 22 joule КЕ |оше 
AG AgCI :z-108700-——— AGAg = 77110. Аба :z-131170.— — 
mole mole mole 
Авт :=- 18602012E Абтү:=-324509°%Ё 
mole mole 
R 2831451. 306 T :2298.15-K 


K-mole 
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Part (a): 
‘= Р an. cb. 
A Grxn AgCI =A G Ag +AGq-A G AgCI А Grxn AgCI = 5.464°10 *mole joule 
А Grn 
ис АвС1 E „4010 





The solubility product given in illustration 9.3-2 is 1.607E-10. This experimental value is of the 
same order of magnitude as the theoretical value calculated above. 


Part (b): 
Лбх та =A Gq] + AGa- AG qc А Gn тусу = *joule 
А Grn 
5 ТІСІ 
Кт 7P |- 3 Кта = 





The solubility product given in illustration 9.3-2 is 1.116Е-2. This experimental value is two orders 
of maanitude areater than the theoretical value calculated above. 


9.46 a) From Table 9.1-4, we have that 


AG?. Ast 771 | and АС? _= —741991 -K.- 
SOLDE mol — 7504 mol 
Also, from Perry's Handbook, 
kJ 


о жеді: 
Абу Agso, = 61421— 


Now consider the reaction 
Авл5О, = 2Ag* t SO, 
The chemical equilibrium relation for this reaction is 


сэ Бонго сеш) ex (- 53439 | 
4 8314 х 298.15 8.314 x 298.15 


-10 UNUM 4^ o 
-ехр(-215580) = 43388x10 = ———--K; 
а AeSO 4 
Now Нот eqn. (9.2-7), assuming the simple Debye-Hückel equation 
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1 
In K, = In K? +(v, ve ум, 


1 
-InK? +02 +1) х2 (М, 4 Ms.) 


g 


І 
= InK? +3x 20, HLA +4М 


1 
Вш Moz = 2 Т, so that 


2 
3 мм 3 
In К, = in K? во M, ! win Maat] Mog + 
PES (1 molal) 8 


This has the solution 


M, -824x10*229l and м. _ =4112x104 ШӨ 
g li S li 


Пег O4 Пег 
Therefore, 
2 3 
K,- (зм x10 mor) x4112x10* PL —2.781х зі ше) 
Шег liter liter 


b) Note that there is a error in the problem statement of the first printing of the 
text. The solution should be 0.5 M CuSO; and saturated with AgSO,. The The 
half-cell reactions are 


Ag’ +e — Ag(s) for which E? = +0.80 volts 

Cu(s) > Cu**+e for which Е° = —034 volts 

Therefore for the reaction 

2Ag*+Cu(s) > 2Ag(s)+Cu** — E? = 4080— 034 = 046 volts 
Next we have from eqn. (9.9-7) that 


ү 0.5 
Е = ge ЕТ И Е° ОВТ (о), ВТ, Mar ue) 
= Е (а) FU (My Crs) а) 
05 05 
= 0.46 - 0.0257 nar) nat 
M sgt (У+) си 





05 0.5 
ORLAN 
(М) Yar 


To proceed further, we have to compute the solubility of AgSO, in the 0.5M 
CuSO; solution. For this and all the calculations that follow, we will use the fact 
that since the CuSO, concentration is so much higher than that of AgSO,, we will 
neglect the contribution of AgSO, to the total solution ionic strength. Also, 
because of the high ionic strength of the solution, we will use Eqn. (7.11-18) to 
compute the mean ionic activity coefficient, as follows: 


= 0.46 —0.0257 In 
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| 1178|2,2 |VT 
ny,.-- 
= 1-4 


where 1 = 102 х05 +22 х05) = lo %2)-2 
2 2 


+031 


Therefore, 
1178| х2|У2. 
бу) Ав, = Tru D 0.3x2 = -07801 
42 
In(y,) = 1782 x22 | 93.9 =-21602 
Нас 1+ 42 


So now we have 

In K, = In K? 4 (v, +v_)(-0.7801) 
-InK; + (2 +1)(—07801) 
= —2 1.5580 — 2.3403 = —23.8983 


50 


11 ( А | M (м, оз 
K =4.1793x = 
i (1 molal) (1 molal) 
and 
41793х 107! 
Mae = 35:9 = 91425x10 5 шош! 
g 05 


(0.595 
Е = 0.46- 00257| In | %05х(-21602)-1х(-0.7801) 


91425х107) 
= 046 —0.0257(11256 — 10801 + 07801) = 046 — 02816 = 0.178 volt 


Since this is positive, it is the potential that is produced by the cell (rather than 
must be applied) for metallic silver to form. 


9.47 (also available as a Mathcad worksheet). 


9.47 
45 _ joule 
Given (Ka and Hrxn were calculated on CHEMEQ): кл ККЕ 
Ка := 3450  Hrnn:-- 103940 E P :- 10". Pa Т := 600.К Ni :=2-mole 
mole 

Mass Balance Table: 

Species In Out y 

C6H6 1 1-X (1-Х)/(2-Х) 

C2H4 1 1-X (1-Х)/(2-Х) 


C6H5C2H5 0 Х Х/2-Х) 
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aceHe x) := = X aC2HA x) :- 1— X aC6HSC2H5(X) = 
2-X 2-X 2-X 


KaX(X) = 2CÓHSC2HSQO 
aC6H6( X)-aC2H4( X) 


X:-09 (initial guess) 
Given KaX(X)=Ka X ‘= Find(X) 
X = 0.946 ХХ :=Х. мое 


Assuming the contents of the reactor behave as ап ideal gas: 





c Nf:=(2-X)-mol мге ЕТ 


Цасан Р Nf = 1.054+mole 





An energy balance on the reactor yields: 


Vf 
d PdV 
Vi 


Q- -1.031°10? *joule (Heat must be removed because Q is negative) 


9.48 (also available as a Mathcad worksheet). 


9.48 


Part (a): 
Using equation 9.1-20b: 


А Grxn 
hn(Ka)=- 2 — 
RT 








а | 5733 0.17677\ _А Hrxn 
ат 








ЕТ R EC 
5733. A Hrxn 
RT? RT 
A Hn =57.33. К) 





mole 
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Part (b): 
AG (Т) = 57330 Joule _ 176.77. joue - T 
mole mole: K 
AG (T) 
Ka( T) :=ехр AE SA 
RT 





Mass Balance Table: 


Species In 
№204 1 
МО2 0 
Тоїа! 1 


Calculation of mole fractions and activities: 











Chapter 9 
R:-831451. Ule 
К мае 
Out 
1-X 
2*Х 
1+Х 
2X 
О 
NO2 Dux 
а No2CX. P) зу Noo 09 
10°-Pa 





pix 
ОО == 
N204 ex 
а n204(% P) :=У №204. 
10”-Ра 
а 
KaX( X, P) CINE ЧЭ 
a N204( X. P) 
Х:=0.7 (initial guess) 
Given Ka(T)=KaX(X, P) 


Xb 01 :=Х(323.15-К, 10*-pa) 


Y No2(X 01) = 091 


Y N204(Xb од) = 0.09 


Part (c): 


Xe g :=Х{473.15-К‚10®Ра) 


Y No2(X 0.1) =! 


Y м204(Хс 0.1) = 1246 104 


X(T, P) :=Find(X) 


Xb | :=X(323.15-K, 10°-Pa) 
Y мо2(ХЬ 1) = 0.605 


Y м204(Х5 1) = 0.395 


Xc] :=X(473.15-K, 10°-Ра) 


Y мо2(Хс 1) = 0.999 


у N204(Xe 1) = 1243410 ^ 


Xb 10 ‚=х(323.15.К, 10°Pa) 
Y Noo(Xb 10) = 0261 


Y қ204(Х5 10) = 0.739 


№10 :=х(473.15.К, 10°.Ра) 
Y мо2(ХС 10) = 0.988 


Y м2о4(Хе 10) = 0012 
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9.49 (also available as a Mathcad worksheet). 

















9.49 
Given: 
АН 1258620008 AS ып :=-1382.9°°_ В:= 8314511000 
mole K-mole K-mole 
Ta :=298.15.К Tb :=373.15-К P1 :=10'-Pa P2 :=10°-Pa РЗ := 10° Pa 
Mass Balance Table: 
Species In Out y 
M 2 2-2*Х (2-2*X)/(2-X) 
D 0 X X/(2-X) 
Total 2-X 
Activities, Equilibrium Constant, and Equilibrium Expression: 
a M(X: P) Билэг E a p(X, P) TE M E 
2-Х \10°-Pa 2-Х M19 pa 
-AG xn(T) 
AG «(ТУ AH yn- TAS xn Ka(T) :=exp|———— 
RT 
a p(X, P) 
KaX(X,P) :=——— = = 
а y(X. P)? 
X := 0.999 (initial guess for solver) 
Given KaX(X, P)=Ka(T) х<1 DegreeOfDimerization( T, P) :=Еша(Х) 
Part (a): 


DegreeOfDimerization( Ta, P1) = 0.953 
DegreeOfDimerization( Ta, P2) - 0.985 


DegreeOfDimerization( Ta, P3) = 0.995 


Solutions to Chemical and Engineering Thermodynamics, 3e Chapter 9 


Part (b): 


DegreeOfDimerization( Tb, P1) = 0.547 
DegreeOfDimerization( Tb, P2) = 0.842 
DegreeOfDimerization( Tb, P3) = 0.949 


Part (c): 


Nomenclature 

N = initial number of moles before dimerization 

Nm = number of moles of monomer after dimerization = N-2X 
Nd = number of moles of dimer = X 

Total # of moles = N-X 

yM=(N-2X)/(N-X) 

yD=X/(N-X) 

P = (Nm + Nd)*R*T/V 


P=(Nm+ Nd) (RD = (Nm Nd) (NRT) .(N - X) (NRT) 
Kim y. uu OON - 


which has the solution 







(N- X), 
N 


= X205 + 0.5. 
М 


(NRT) where 


= ra 
V =ехр————— 


В.Т 





Note that the EOS goes to the ideal gas limit as Ka goes to zero, and 1/2 the ideal gas limit when 
Ka goes to infinity (all dimer). Also, the equation of state will have an other than linear dependence on 
temperature due to the temperature dependence of Ka. 
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9.50 (also available as a Mathcad worksheet). 


9.50 


Given (All Units are Sl): 





T1 :=267 T2 :=255 РІ снд :=2-10° P2 снд := 15:10 В :: 831451 
Activities: B 
1 1: СНА 
а hydrate ‘=! ан2о 71 а сна(Р сна) > = 
10 
Part (а): 
КЕ а hydrate _ 
Ка(Р сна) := AG xn (T. P сна) :=-В Та (Ка(Р сна)) 


amo а сна(Р сна) 
A G xn (TL, P1 сна) = 6.65 10° 


A G a (T2. P2 сна) = 5742-10° 








Part (b): 
T 3 ТН "m 

AH xn 40 AS xn 10 (initial guesses) 
Given AG n(TL P1 Сна) АН n TIAS, АО а(Т2,Р2 сна) АН ра - T2A S xy 
ans ‚= Find(A H 2.48 n) АН хи ‘Fans, AS xn ‘Fans , 
AH ыл 771357104 AS xn = 775.737 

mn ` mn : 
Part (с): 

АН 
mn {1 1 

Ка '=Ка[Р1 “ехр | - 1----- Ка = 0.044 

273 '=Ka(P1 сна) A s T J 273 
P273 сна `= 10* (initial guess) 
Given Ka(P273 сыну) “Ка 27 P273 сна = Find (P273 cpa) 


6 
P273 СНА = 2.288" 10 
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9.51 The reactions are 
iA <> А, ЈВ = В; and iA -tjB <> АВ; 


The overall mass balance on species А 


жаа 
asa t уа уун, Y». чу 2 


Overall mass balance on species В 


seer iL a La) 
At equilibrium 
G, -iG, 20; 6,-іб, =0; Саз, - (iG, %/6,)-0; 
апа 
Grotal = L Na, G, Ж Xx Ns, бу, T X 2, Мав, Gap, 
i j i j 
Atequilibrium dG,,,,; = 0 with respect to each extent of reaction. 


Юр? + Ум абв УУ) авд 4645 =0 | 
ызба ы De ELTE ES а 
TH 


O by the Gibbs- 


Duhem equation 


Also, using the equilibrium equations 


dGota = 0 = ViG dN 4; + ) iGgdN y; + уу (Ga + /Св)аМ дв, 
-0- GAY idN „+ Gy idN „+ УС. ам, +} JGg dN ay, 
i ) 


і 7 


= суич, HY dnas, |} вен, ens) 


=G,dN,+G,dN, 


шы 
ƏN МТ, P 


22 зэ aG — лыг 
С, - Gy, . Also p = (Ов = Св 
Ма, Т, P 
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Therefore B = С, апа Сс, = с, (1) 
Also, we have that, by definition 


Е = ШЕ бе) 
ӘР), ӘР J, 


Thus, integrating between any two states, we have 


G(r, P,)- G(r, B) = RT n 4-8) 6 


Л(Т.В) 


Now using Eqn. (3) with Eqns. (1), and recognizing that Eqns. (1) must be 
satisfied at all T and P implies that 


T P)= f (T, P) and 7„(Т,Р) = rU 


Alternatively we could integrate Eqn. (2) between Р--0 and the pressure P and 
note that Eqn. (1) must be satisfied at all Tand P. This implies that 


РР) 7,9) 
fa(P-0) /7,(Р-0) 


but as Р—0 only А wil be present (LeChatelier’s principle) 
=> f (P=0 = /,(Р=0) зо that f (Р) = f (P). 





9.52 
А+ А, > A, 
АА, € А, 


A * A, > Ад 


etc. 


Total moles 
о =М+2%,+3Му+ т +пА, += } iN, 
of A, initially 
- Ny x - N;) ' ix, where N, = total number of moles in system 
T 


> ын Ys 


T 





Now b= Exh = Улхд - by ix; and 


а = УУ xx, Jaja, = у Y ssa = a(Y ix) 


which implies that 
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(a) 


2 
a= of 22) and b= ЕЗ 
T T 


Also 
к a Ka Sit _ Opes A bar) Фуу ban 
ake Se eee 
т аа ф,фу/х(Р/ bar) $,0xx, P 
Then 


OOP _ Хун òt Pj ХАК 
Фф хх ФФР Хан 








For the monent we will assume that 





ФФР Е Хан 
Фин: хх 
is independent of the index /апа then show that this is indeed the case. Then 


2 x 
х OK = х, 


х\х)%К = ху = (qa xs (xa K)x aK = xi(o.K) 
Similarly 
х= (оК) 
х; = (оку xj 


etc. 


Then № = No} = Муў (Код хү 
Also Xx =1=} (Kœ xi =1 


Now from the properties of geometric sums 


we have 


m "T & _ m | ы. 
У (Ko! ES = хү) (Кок)! = Xx, У (Кок)! -------і (*) 
j=l j-0 1- Кох 


j=l 
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so that 
1 
x, =1— Кох, or x,(1+ Ko) = 1; Ко=—-—1 
м 
Also 
S d [X5 d 1 1 “ОВОР 
ye"! - AES |- Бан ; = ye" 
= dO GD а011-0 (1-0) =i 
so that 
У io) xi = x Y (Кок) - x Y (Кох) 
i=l 


i=l i=0 


ммм Yotg 
(- Ко)? № x (1- Kon 
from Eqn. (*) above 


2 
N 1 N, N, 
=>— =— and b=h| — |= xb; а= а — | xa 
Мт Мт 


For the van der Waals equation of state we have 


RT а NRT Ма 








| y-b V v-Nb YV 
and 


У хуй 


В. 
аф =——-In(Z - B) - 677 
Z-B 





RTV 
which here becomes 
iB 2) x ija iB 2ia. 
о Шо и Di cns desc 3 x, 
Z-B RIV. Z-B ЕТУ 
2ia, No 


i 
Ing, = —— - In(Z - B)- 
ZH RIV М, 


so that 
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in 99 = Ing, +Јаф - аф; 


7+1 


#(-f- 141) 1K(Z= B) 





B 
=(j+1-(j4+1 1 
(741-(/-1) 23 


2 





2a, №. | 
= —9(j741-(j41 
RIV N, Vi (7 *1) 


- -In(Z - B) 


Фф _ 1 ЮТ/Р 


Фи Z-B Кр 


Or 
PO, RT RT 22 RT 


(b) =———=————= 
Фа Ё-Ь K-b(No/Nr) Nrk- Мур 


which is independent of the index j as was assumed. Now that we know that 
O is independent of the index j. We can use 


NrRT _ RT RT 


1+0) = 1 and а= аА 
шалыг NV- Nb, V-(NUNDP V—xp 





RTK 
5 -|= 15 aE- a+ RTK) = 


LO х0 
—xib, +x, V+ RTK+b)-V = 0 
bx; -x(V + RTK+b)+V = 0 


(V+ RTK+ в) + AQ + ЕТК+Ь) —4bV. аж 


с = 
(с) x 25 


Also 
RT a RT ха 








Vb у? V-xb ү? 


Equations (**) and (***) are the set which forms the equation of state for the 
associating van der Waals fluid. Notice that to solve for V we need x, which 
depends on Г ; therefore, the equation is no longer cubic. 


Note that if the fluid is non-associating, then К = O in this limit 


Е (K+) (V? — 4b, +b?) _U+h)-V-b) |, 
2b, b, 


X, 2 


so that 
RT а, 





V -b ү? 


which is the usual van der Waals equation. 
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9.53 The description of HF containing systems is described in the article “Collection of 
Phase Equilibrium Data for Separation Technology" by William Schotte in /nd. 
Eng. Chem. Process Des. Dev. (1980), 19, 432-439. By a careful examination of 
the density and other data, he proposed that HF associates in the vapor phase 
according to the reactions 


2HF © (НЕ), 
ӨНЕ <> (НЕ); 
8НЕ © (НЕ), 
and, over the temperature range of 195 to 240 К, the equilibrium constants are 





K,- EH - иж - 241456) 
Л 

К,- EH = exp] 211209 - 697252. 
Л 

к, == оын 834680| 


1 


where К, has units of (atm)""! , and f, is the fugacity of species i. Next, Schotte 


used a (questionable) argument by Tamir and Wisniak [Сйет. Eng. Sci (1978), 33, 
651] that the fugacity coefficients ф, =f, Жыр of the monomers, dimers, 


hexamers and octamers are all aproximately equal, and can be calculated from the 
fugacity of pure HF. This alleviated the need to specify the molecular parameters 
for the association complexes. Using this model, Schotte obtained very good 
agreement for the association factor (density) of pure HF and an HF-Freon mixture 
using a simple equation of state such as Peng-Robinson (which must be solved 
iteratively since chemical equilibrium is superimposed on the phase equilibrium 
calculation). 

An alternative, instead of using the Tamir-Wisniak assumption of equality of 
fugacity coefficients is to use the model in Problem 9.52 


dj = Ла, and b; = jb 


and then treat HF ав a chemical reaction system with НЕ, (НЕ),, (HF), and 
(HF),. Similarly, HF + non-associating component would be treated as a five 
component system: non-associating component + HF, (НЕ),, (НЕ); and (НЕ). 


In each of these cases the compositions of the HF components change as the 
equilibrium changed. The problem with this proposal is that the a parameters for 
the association complexes become unrealistically large. For example, 
а; = 64x a, . Consequently, no completely theoretically-correct model for the HF 


associating system exists, though the models now in use are probably satisfactory 
for engineering calculations. 


